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Abstract  

Chemotherapy-induced peripheral neuropathy (CIPN) is the major dose-limiting side effect of 

several first-line chemotherapeutic agents, including oxaliplatin. Symptoms can be very 

detrimental to the patients’ quality of life. They can occur at any time during and after treatment 

and can endure for months or years after treatment cessation. No treatment is currently 

available to prevent or reverse CIPN and there is no tool to identify those at risk. Moreover, the 

causal mechanisms of CIPN are still under investigation. This thesis aimed to explore the 

feasibility of a blood biomarker for oxaliplatin-induced peripheral neuropathy (OIPN) and to get 

a deeper understanding of the mechanisms involved in its development and maintenance. 

Mitochondrial DNA (MtDNA) content in blood and other bodily fluid has already been used as 

biomarker for several diseases. Here, we recruited > 50 colorectal cancer patients undergoing 

an oxaliplatin treatment. Blood was collected prior to, during and after treatment completion, 

and MtDNA content in whole blood was measured using real-time quantitative PCR. We found 

that MtDNA content varied among patients and time points. By comparing MtDNA content in 

patients who developed OIPN to that of patients who did not, we will understand whether 

MtDNA is a feasible predictive biomarker for OIPN.  

A rat model of OIPN was generated by the systemic (intraperitoneal) administration of 2 mg/kg 

clinically formulated oxaliplatin on four alternate days. The model displayed a persistent 

mechanical hypersensitivity, but other symptoms observed in the clinic, including cold allodynia, 

numbness and spontaneous pain, could not be replicated. Studies focused on two key time 

points: day 7, 24 hours after treatment cessation, when animals did not display symptoms of 

pain-like behaviour, and peak pain, when the nociceptive behaviour reached its maximal 

severity. The electric properties of the saphenous nerve were evaluated in terms of compound 

action potentials (CAPs) of A- and C-fibres. In oxaliplatin-treated animals, CAPs were altered at 

day 7, but not at peak pain. Mitochondrial dysfunction is a key factor in the development and 

the maintenance of OIPN. Systemic exposure to oxaliplatin did not affect parameters of 

mitochondrial respiration or glycolytic function in DRG neurons at day 7. Similarly, in vitro 

exposure to oxaliplatin for an hour did not affect the bioenergetic status of DRG neurons. The 

expression levels of mitochondrial Ca2+ channels were evaluated in the DRG, sciatic and 

saphenous nerves. In particular, the expression of the Na+/Ca2+/Li+ exchanger (NCLX) and of the 

mitochondrial calcium uniporter (MCU) was altered after oxaliplatin administration, thus 

potentially affecting mitochondrial functionality. These studies provided a further insight on 

mitochondrial dysfunction and altered nerve conduction in the pathophysiology of OIPN. 
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 General introduction 

1.1 Somatosensory pathways and nociception 

1.1.1 Neuron and nerve structure 

All neurons share a typical structural organisation, although their actual morphology varies 

among different neuronal cells based on their function. The cell body (or soma) contains the 

nucleus and most of the organelles. Most neurons contain dendrites, processes that branch out 

of the cell body to form synapses with neighbouring neurons and receive information in the 

form of neurotransmitters. Lastly, an axon (or fibre) extends from the cell body, from a region 

named the axon hillock, and conducts nerve impulses towards the axon terminals, which 

synapse on target cells. Axons can be myelinated or unmyelinated. Myelinated axons are 

surrounded by a lipid-rich myelin sheath generated by supporting glial cells (oligodendrocytes 

in the central nervous system (CNS) and Schwann cells in the peripheral nervous system (PNS)). 

Unmyelinated axons from different neurons are surrounded by a non-myelinating Schwann cell 

in structures known as Remak bundles. Nerves can be described as bundles of axons; their 

structural organisation is illustrated in Figure 1-1.  

 

Figure 1-1 Schematic representation of the nerve structural organisation 

Each axon is surrounded by the endoneurium, a layer of fibrous connective tissue. Multiple axons are 

bundled together in fascicles, which are wrapped by concentric layers of fibroblasts and connective tissue 

(perineurium). Lastly, fascicles are enclosed within the epineurium, the outermost connective layer of the 

nerve. The nerve functionality is supported by blood vessels that are encapsulated within the epineurium 

as well. 



17 

Based on their morphology, neurons can be classified into: pseudo-unipolar cells (only sensory 

neurons), which have one axon that splits in two, where one branch reaches the periphery to 

receive information and the other synapses into the spinal cord; bipolar cells, which possess one 

axon and one dendrite and are only found in the olfactory epithelium and the retina; and 

multipolar cells (all other neurons), which have one axon and numerous dendrites. Alternatively, 

neurons can be classified by function: 

▪ Sensory (or afferent) neurons are activated by various stimuli at the periphery and relay 

sensory information back to the CNS. Sensory neurons will be discussed further in section 

1.1.3.  

▪ Motor (or efferent) neurons control voluntary and involuntary movements. Their cell bodies 

are located in the CNS, either in the cerebral cortex (upper motor neurons) or in the 

brainstem and spinal cord (lower motor neurons). Upper motor neurons synapse with lower 

motor ones, which in turn innervate muscles and organs. 

▪ Interneurons are only located in the CNS, where they transmit information from one neuron 

to the other. 

1.1.2 Action potential  

The propagation of nervous signals occurs through electrical impulses, or action potentials. 

Hodgkin and Huxley recorded the first ever action potential from the squid giant axon in 1939 

(Hodgkin and Huxley 1939). In 1952, they published their mathematical model of the action 

potential, which was the first quantitative description of nerve cell excitability (Hodgkin and 

Huxley 1952), gaining them the Nobel prize in 1963. Their model provided the basis for 

electrophysiology investigations and paved the way for many more experiments that allowed to 

understand how nerve impulses are generated and transmitted. 

The driving force behind action potential generation and propagation is the electrochemical 

gradient between the intra and extracellular environment: ions are unequally distributed on the 

two sides of the membrane and their flow across it is what generates the electrical signalling. 

The two main ions involved in action potentials are Na+ and K+. Na+ concentration is 

approximately 10 times higher in the extracellular compartment, whereas K+ concentration is 

approximately 10 times higher on the intracellular side. When nerves are at rest, the 

intracellular side of the membrane is more negative than the outside. Therefore, under 

physiological conditions, neurons possess a negative resting membrane potential (Vm) ranging 

between -40 and -90 mV. Vm is maintained by a fine control over the ion flow across the 

membrane. The membrane is highly permeable to K+ ions. They can move across the membrane 
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through ‘leak’ channels (K2P, a family of 2-pore domain channels) and flow towards the outside 

compartment. By contrast, some Na+ ions can move inside, but membrane permeability to Na+ 

ions is much lower compared with that of K+. For this reason, Vm is closer to the equilibrium 

potential of K+ of ~ -90 mV than to that of Na+ (~ +60 mV) [reviewed in (Chrysafides et al. 2020)]. 

The Na+/K+ ATPase constantly restores the Vm by moving Na+ and K+ against their concentration 

gradients: it actively pumps 3 Na+ ions outside the cells and simultaneously moves 2 K+ ions back 

inside for each adenosine triphosphate (ATP) molecule consumed [reviewed in (Pivovarov et al. 

2018)]. Several stimuli, such as the activation of ligand-gated channels by the binding of a 

neurotransmitter in the synaptic cleft or the activation of sensory receptors in the periphery, 

can lead to changes in Vm, which in turn trigger an action potential. Pivotal to this event are 

voltage-gated Na+ (Nav) and K+ (Kv) ion channels, which open and close in response to voltage 

changes across the membrane. Several isoforms of Nav and Kv have been identified: the Nav 

family comprises 9 isoforms [reviewed in (Bennett et al. 2019a)], whereas the Kv family 

comprises 40 channels, further classified in 12 sub-families [reviewed in (Ranjan et al. 2019)]. A 

low-intensity depolarising stimulus (subthreshold) causes the aperture of few Nav channels and 

the influx of Na+ ions within the cell. The response to these stimulations is graded, as the change 

in Vm is proportional to the intensity of the stimulus. Once the stimulus intensity exceeds a 

threshold value of approximately -50 mV (suprathreshold stimulus), the membrane undergoes 

a rapid depolarising phase. Depolarisation is driven by a positive feedback loop known as the 

‘Hodgkin cycle’: the influx of Na+ inside the cells activates even more Nav channels to open, thus 

depolarising the membrane further. During this depolarising phase, the Vm becomes positive 

and approaches the equilibrium potential for Na+ (~ +60 mV) but never reaches it, peaking at 

approximately +40-50 mV [reviewed in (Raghavan et al. 2019)]. Once the action potential 

reaches its peak, Nav channels are inactivated and Kv channels are activated, thus allowing the 

membrane to become repolarised through an efflux of K+. K+ efflux causes a rapid drop in Vm, 

which returns to negative values. As K+ reaches its potential equilibrium around -90 mV and Kv 

channel are slightly delayed in their closing, the Vm drops to lower voltages for a few milliseconds 

(hyperpolarisation phase), until Kv channels close again and the Vm returns to its baseline values 

[reviewed in (Raghavan et al. 2019)]. As soon as the action potential is initiated, and briefly after 

the repolarisation phase starts, Nav channels are inactivated and the neuron cannot generate a 

second action potential, regardless of the intensity of the stimulus received. This is known as 

the absolute refractory phase. A relative refractory period follows, when some Nav channels can 

be activated again, provided that the cell is exposed to a stimulus of strong intensity ( > initial 

suprathreshold stimulus) (Hodgkin and Huxley 1952). Unlike the graded responses triggered by 

subthreshold stimulations, action potentials are an all-or-none type of response, which means 
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that once the stimulus is suprathreshold, the amplitude of the response is independent from 

the strength of the stimulus itself and remains constant in its amplitude and duration. However, 

it is worth mentioning that the shape of the action potential varies among different neuronal 

types (Bean 2007). Once the action potential reaches the axon terminal (pre-synaptic terminal), 

voltage-gated Ca2+ channels open and lead to an influx of Ca2+ into the cell. The increase in Ca2+ 

in the cytoplasm promotes the release of neurotransmitter vesicles into the synaptic area, and 

the subsequent binding of neurotransmitters onto post-synaptic neurons (Katz and Miledi 

1967).  

The velocity at which action potentials are conducted along the axon (conduction velocity) is 

directly proportional to the axon diameter. Therefore, myelinated axons conduct at faster 

velocities than unmyelinated ones, in what is known as saltatory conduction (Tasaki 1939, 

Huxley and Stämpfli 1949). The myelin sheath is not a contiguous layer, but rather presents small 

(1 µm) gaps for the entire axonal length, called nodes or Ranvier, which are rich in Nav channels 

(Caldwell et al. 2000). The myelin sheath acts an insulator and prevents current leakage across 

the membrane, so that the action potential can travel along it until it reaches a node of Ranvier, 

where another action potential is generated.  

1.1.3 Sensory neurons 

The somatosensory system is responsible for the perception of various information from the 

external and internal environment, such as touch, vibration, pressure, temperature, movement 

and position. Sensory neurons are pseudo-unipolar and their cell bodies cluster together in 

structures known as ganglia, which are visible as swellings of the nerves. Two types of ganglia 

can be distinguished in the somatosensory pathways: cell bodies of neurons in the spinal nerves 

cluster together in the dorsal root ganglia (DRG), which are located alongside the spinal cord. 

Likewise, cell bodies of the trigeminal nerve, which innervates the face, cluster together in the 

trigeminal ganglia. In humans, there is a total of 31 pairs of spinal nerves, which innervate the 

entire body except for the face. They can be further distinguished as 8 cervical (C1-8), 12 thoracic 

(T1-12), 5 lumbar (L1-5), 5 sacral (S1-5) and 1 coccygeal nerve pairs. Mammalian species share a 

similar organisation of the spinal cord, with some differences in the number of segments; for 

instance, rats possess a sixth lumbar nerve (Rigaud et al. 2008). 

Different subtypes of sensory neurons are responsible for the detection of different stimuli:  

▪ Low-threshold mechanoreceptors are located both in the hairy and glabrous skin, where 

they detect mechanical stimuli, thus being responsible for the perception of touch, pressure 

and vibration. They comprise complex structures of specialised epithelial cells, connective 

tissue and/or Schwann cells, which encapsulate a single large myelinated nerve fibre. They 
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can be classified as rapidly adapting, which adapt quickly to changing stimuli but whose 

activity decreases if the stimulus remains constant (i.e. they detect movement and 

vibration), and slowly adapting, which respond continuously to a persistent stimulus and can 

therefore detect static stimulations (i.e. pressure and stretch). Meissner’s corpuscles, 

located just below the epidermis, are rapidly adapting and possess a small receptive field, 

hence they detect low-frequency vibrations. Pacinian corpuscles, also rapidly adapting, 

reside deep in the dermis, are characterised by a large receptive field, and detect high-

frequency vibrations. Ruffini’s endings in the dermis are slowly adapting, with a large 

receptive field, and detect skin stretch and touch-pressure. Lastly, Merkel’s disks, located in 

the upper layer of the dermis, represent the only unencapsulated complexes, formed by 

Merkel’s cells associated with a nerve ending. They are slowly adapting and have a small 

receptive field, which allows them to detect light touch [reviewed in (Goodwin and Wheat 

2020, Iheanacho and Vellipuram 2020)]. Additionally, free nerve endings from small 

myelinated and unmyelinated fibres, known as intraepidermal nerve fibres (IENFs), extend 

into the epidermis and contribute to the detection of tactile stimuli. 

▪ Thermoreceptors have been identified as non-specialised free nerve endings that are able 

to detect changes in temperature. They can be differentiated into cold thermoreceptors, 

which possess small myelinated axons, and warm thermoreceptors, with unmyelinated 

axons. 

▪ Proprioceptors innervate muscles, joints and tendons and are involved in the perception of 

body position and movement. 

▪ Nociceptors are high-threshold non-specialised free nerve endings that are “capable of 

transducing and encoding noxious stimuli” ("IASP Terminology"  2011) (i.e. stimuli that are 

damaging, or have the potential to be, to tissues. 

These different types of sensory neurons express a variety of ion channels that are specifically 

activated by innocuous or noxious mechanical, thermal and/or chemical inputs, and are 

therefore responsible for the transduction (i.e. conversion of sensory stimulation into an action 

potential) of these sensations. Activation of these channels results in an inward cationic current 

leading to depolarisation, which facilitates the generation of an action potential. Transient 

receptor potential channels (TRP) are a family of non-selective cation-permeable channels that 

are highly permeable to Ca2+ and, to a lesser extent, to Na+. The TRP family comprises six 

members; of these, TRP vanilloid receptors (TRPV), TRP melastatin (TRPM) and TRP ankyrin 

(TRPA) have been associated with nociceptive signalling [reviewed in (Aromolaran and Goldstein 

2017)]. Many of these channels are thermo-sensitive. In particular, TRPV1 is activate by noxious 
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temperatures (approximately > 43°C), while TRPV2 is activated at even higher temperatures 

(approximately > 52°C). TRPV3 and TRPV4 are activated by innocuous warm stimuli between 25 

and 35°C. TRPM8 is activated by innocuous cool temperatures (< 25°C). Lastly, TRPA1 is activated 

by noxious cold (< 15°C). In addition, TRP channels can be activated by natural and synthetic 

ligands, like capsaicin (TRPV1), menthol (TRPM8) and mustard oil (TRPA1), and appear to be 

involved in mechanotransduction as well [reviewed in (Basbaum et al. 2009, Gomis 2015)]. Acid-

sensing ion channels (ASICs) are proton-gated Na+ channels, thus being activated by extracellular 

acidification, and may also participate in mechanotransduction [reviewed in (Basbaum et al. 

2009)]. Transducers for mechanical stimuli have not been completely identified. Piezo-type 

mechanosensitive ion channel component 2 (Piezo2), a mechanically-gated non-selective 

cation-permeable channel, has been suggested as the major transducer of light touch [reviewed 

in (Geng et al. 2017)]. 

1.1.4 Sensory fibres classification  

Nerve fibres responsible for somatosensory signalling are typically classified based on their 

myelination status, and therefore conduction velocity, and type of sensation they detect, as 

summarised in Table 1-1 (Parker et al. 2018). Aα- and Aβ-fibres are thickly myelinated and 

possess very fast conduction velocities (40-120 m/s). Aα-fibres are involved in proprioception, 

while Aβ-fibres detect low-threshold (non-noxious) mechanical stimuli (i.e. light touch and 

vibration). Nociceptive transduction relies on Aδ- and C-fibres. Aδ-fibres are wrapped in a thin 

layer of myelin and therefore their conduction velocity is reduced compared with other A-fibres 

(5-15 m/s). Lastly, C-fibres are the predominant fibre type, comprising up to ~ 50% of all the 

fibres (Baraniuk 2012). They are unmyelinated and conduct at the slowest velocity in the 

somatosensory system (0.2-2.0 m/s). C-fibres detect a variety of noxious stimuli, including hot 

and cold temperatures, mechanical stimuli, chemical agents and pruritogens. Most fibres are 

polymodal and can respond to both thermal and mechanical stimuli, some can detect only one 

of those sensations and a small proportion of them respond to pruritogens and mediate itch 

sensations (Benarroch 2015). Additionally, a small subset of low-threshold C-fibres is involved in 

the detection of innocuous tactile stimuli (Vallbo et al. 1999) and have been associated with the 

perception of weak, pleasant touch (Olausson et al. 2008). Nociceptive C-fibres have historically 

been divided in two categories: peptidergic C-fibres synthesise neuropeptides such as substance 

P and calcitonin gene-related peptide (CGRP) and respond to nerve growth factor (NGF) through 

tropomyosin receptor kinase A (TrkA). By contrast, non-peptidergic neurons do not contain 

neuropeptides and bind the isolectin B4 (IB4), express the ATP-gated ion channel P2X3 and 

respond to glial cell-derived neurotrophic factor (GDNF) through the GDNF family receptor alpha 

1 (GFRα-1) [reviewed in (Hunt and Mantyh 2001)]. Non-peptidergic fibres innervate the stratum 
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granulosum of the epidermis, whereas peptidergic fibres terminate in a deeper epidermal layer 

(stratum spinosum) (Zylka et al. 2005). These differences suggest that peptidergic and non-

peptidergic neurons may have different functions in the somatosensory pathways. Given the 

different conduction velocities of Aδ- and C-fibres, they are responsible for two different pain 

sensations: initial pain is conducted by Aδ-fibres and is sensed as a brief, well-localised and sharp 

pain, whereas delayed pain is conducted by the slower C-fibres and is sensed as a long-lasting, 

less localised, dull and burning sensation. 

Table 1-1 Classification of sensory fibres according to myelination status, axon diameter, conduction 

velocity and sensory information 

Fibre type Myelination status Fibre diameter Conduction velocity Sensation 

Aα Thickly myelinated 13-22 µm 70-120 m/s Proprioception 

Aβ Thickly myelinated 8-13 µm 40-70 m/s 
Innocuous 
mechanical stimuli 

Aδ Thinly myelinated 1-4 µm 5-15 m/s Noxious stimuli 

C Unmyelinated 0.1-1.0 µm 0.2-2.0 m/s Noxious stimuli 

 

In the last decade, the advancements made in single-cell RNA sequencing allowed for a more 

accurate classification of sensory neurons based on their gene expression profiles. Single-cell 

RNA sequencing of murine lumbar DRG neurons identified 11 classes of sensory neurons, NF1-

NF5 (neurofilament-containing), NP1-NP3 (non-peptidergic nociceptors), PEP1, PEP2 

(peptidergic nociceptors) and TH (tyrosine hydroxylase-containing) (Usoskin et al. 2015). 

Investigating the expression of genetic markers that had previously been associated with classes 

of sensory neurons, the authors of this study proposed distinct functionalities for these classes:  

▪ NF1-NF5 are myelinated neurons. In particular:  

• NF1-NF3 neurons express Ntrk2 (neurotrophic receptor tyrosine kinase 2, ot TrkB), Ret 

(RET receptor tyrosine kinase), Calb1 (calbindin 1) and Ntrk3 (neurotrophic receptor 

tyrosine kinase 3, or TrkC), suggesting that they act as low-threshold mechanoreceptors. 

• NF4 and NF5 neurons express Ntrk3 and parvalbumin, suggesting that they are limb 

proprioceptive neurons. 

▪ NP1-NP3 are unmyelinated, non-peptidergic neurons characterised by the expression of 

Mrgprd (Mas-related G-protein-coupled receptor D) and of the ATP-gated ion channel P2x3, 

and may act as pruriceptors. Additionally,  

• NP1 neurons seem to have a role in neuropathic pain. 
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• NP3 neurons may transduce inflammatory itch. 

▪ PEP1 and PEP2 represent peptidergic neurons, with a typical expression of TrkA and release 

of CGRP.  

• PEP1 neurons, which are unmyelinated, express substance P and are proposed as 

thermoreceptors. 

• PEP2 neurons, express Ntrk1 (neurotrophic receptor tyrosine kinase 1, or Trka) and Nefh 

(neurofilament heavy chain) and are suggested as Aδ nociceptors. 

▪ Lastly, TH are myelinated neurons, characterised by high expression of Piezo2 and Vglut3 

(vesicular glutamate transporter 3), which suggest their function as C-fibre low-threshold 

mechanoreceptors. 

Using a high-coverage single-cell RNA sequencing, Li and colleagues identified a larger number 

of representative genes of murine DRG neurons. Combining the transcriptomics approach with 

patch clamp recordings and single-cell PCR in mouse lumbar DRG, they described 10 different 

classes (C1 to C10) and 14 subclasses of sensory neurons with distinct transcriptomic, functional 

and morphological features (Li et al. 2016). In addition, the authors were able to show that 

different neuron subtypes share common genetic markers, and suggested that most nociceptors 

are polymodal, with only few of them specialised to respond to just one stimulus modality (Li et 

al. 2016) (Table 1-2). 

Interestingly, single-cell RNA sequencing of primate DRG neurons showed that the majority of 

molecular neuronal classes described above (Usoskin et al. 2015) are conserved between mice 

and primates, and NP1 and NP2 are the two most divergent neuronal types between species 

(Kupari et al. 2021). Even more importantly, transcriptomic analyses in human DRG have 

revealed that the majority of genes identified in the mouse are conserved in humans, thus 

supporting the translational value of murine models (Ray et al. 2018).  
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Table 1-2 Functional probability and proposed framework of sensory neurons  

Types and 

subtypes 

Functional phenotypes 

Proposed  

functionality 

Nociceptors Mechanoreceptors  

Pruriceptors Thermal 

Mechanical Pressure Brush 

Cold Heat 

Sm
al

l n
e

u
ro

n
s 

C1 

C1-1 

C1-2 

Undetected 

Undetected 

Undetected 

Medium 

Undetected 

High 

Medium 

Medium 

High 

Medium 

Medium 

Medium 

Low 

Medium 

Low 

Undetected 

Undetected 

Undetected 

Mechanoheat 
nociceptor 

C2 

C2-1 

C2-2 

Low 

Low  

Undetected 

Medium 

Medium 

Medium 

Medium 

Medium 

Medium 

Undetected 

Undetected 

Undetected 

Low 

Low 

Undetected 

High 

High 

High 

Mechanoheat 
nociceptor 
(mechanically 
insensitive,  
itch-sensitive) 

C3 Undetected Undetected Medium Medium High Undetected 

C-fibre  
low-threshold 
mechanoreceptor 

C4 

C4-1 

C4-2 

Low 

Low 

Undetected 

Medium 

Medium 

Medium 

High 

High 

High 

Medium 

Medium 

Medium 

Low 

Medium 

Low 

High 

High 

High 

Mechanoheat 
nociceptor 
(itch-sensitive) 

C5 

C5-1 

C5-2 

Low Medium Medium Medium Low High 

Mechanoheat 
nociceptor 
(itch-sensitive) 

C6 

C6-1 

C6-2 

Low Medium High Medium Medium Undetected 
Mechanoheat 
nociceptor 

La
rg

e
 n

e
u

ro
n

s 

C7 Undetected Medium High High Low Undetected 

Mechanoheat 
nociceptor 
(mechanically 
sensitive) 

C8 

C8-1 

C8-2 

N/A N/A N/A N/A N/A N/A Mechanoreceptor  

C9 

C9-1 

C9-2 

Undetected Low High Medium Undetected Undetected 
Mechanical 
nociceptor 

C10 N/A N/A N/A N/A N/A N/A 

Mechanoreceptor 
and/or 
proprioceptor 

N/A: not available. Adapted from (Li et al. 2016). 
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1.1.5 Dorsal horn projections  

Once primary afferent neurons are activated by a stimulus, the action potential propagates 

along the axon until it reaches the axonal terminal in the dorsal horn of the spinal cord, where 

neurotransmitters are released. Hence, the sensory information from the periphery is 

transmitted onto second-order neurons (see below). The grey matter of the spinal cord is 

organised into ten Rexed laminae (I to X), which are named after Bror Rexed who first identified 

them in the cat spinal cord (Rexed 1952). Figure 1-2 shows a schematic representation of the 

spinal cord structural organisation. Sensory processing involves the dorsal horn, which 

comprises laminae I to VI, whereas laminae VII to IX of the ventral horn are mainly involved in 

motor processing. Investigations in the spinal cord of cats, rodents and monkeys in the ‘70s and 

‘80s have shown that nociceptive signals target mainly the superficial dorsal horn (laminae I and 

II), while non-noxious stimuli are transmitted to deeper laminae. Aδ-fibres project to lamina I 

(or marginal zone) and V (Light and Perl 1979), while C-fibres terminate in laminae I and II (or 

substantia gelatinosa) (Sugiura et al. 1986). In particular, peptidergic neurons terminate in 

lamina I and in the outer part of lamina II (IIo), while non-peptidergic neurons terminate in the 

inner portion of lamina II (IIi) (Hunt and Rossi 1985). Lastly, Aβ-fibres project to laminae III-VI 

(Brown et al. 1981, Woolf and Fitzgerald 1986) and are most abundant in lamina III and IV 

compared with lamina V and VI (Brown et al. 1981). 
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Figure 1-2 Rexed laminae organisation in the spinal cord 

Sensory fibres terminate in the dorsal horn (laminae I to VI), while motor processing terminate in the 

ventral horn (laminae VII to IX). Aβ-fibres project to laminae III-VI, Aδ-fibres project to lamina I and V, and 

C-fibres project to laminae I and II (peptidergic neurons terminate in lamina I and in the outer part of 

lamina II, whereas non-peptidergic neurons terminate in the inner portion of lamina II). 

As mentioned above, primary sensory neurons project onto second-order neurons in the dorsal 

horn laminae. These second-order neurons can either be interneurons, which only project 

within the spinal cord, or they can be projection neurons that terminate in the brain via 

ascending tracts (see section 1.1.6). Interneurons represent the most abundant type of second-

order neurons in the spinal cord and can be distinguished in excitatory or inhibitory neurons, 

based on whether they release glutamate (excitatory) or gamma-aminobutyric acid (GABA) 

and/or glycine (inhibitory). Interneurons modulate the somatosensory signals from the 

periphery before they reach the brain through a complex organisation of neuronal interactions. 

However, a ‘simpler’ explanation of how interneurons modulate pain signalling is the gate 

control theory proposed by Melzack and Wall (Melzack and Wall 1965) (Figure 1-3). According 

to the theory, in the absence of an input from the periphery, an inhibitory interneuron in the 

dorsal horn inhibits project neurons to conduct signals to higher centres in the CNS (= gate 

closed). Similarly, when large myelinated fibres are activated by non-noxious stimuli and 

transmit this information to the spinal cord, they activate an inhibitory interneuron, which in 

turn impairs the ascending transmission. Conversely, when nociceptive fibres are activated, they 

prevent the inhibitory function of the interneuron, thus allowing projection fibres to send signals 

to the brain (= gate open). Additionally, the simultaneous detection of innocuous and noxious 

stimuli also has a ‘gate closing’ effect. Hence, applying pressure/rubbing or applying mild 

electrical impulses (transcutaneous electrical nerve stimulation, TENS) to an injured area can 

provide a temporary pain relief.  
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Figure 1-3 Gate control theory  

The gate is closed when large myelinated fibres are activated by non-noxious stimuli (or in the absence of 

a sensory input altogether), and in turn activate an interneuron that inhibits the transmission of sensory 

information to higher centres. The gate is open when small and unmyelinated fibres are activated by 

noxious stimuli and inhibit the interneuron, thus allowing transmission of signals to higher centres. 

Furthermore, the spinal cord is the site of the withdrawal reflex. Upon contact with a painful 

stimulus, an immediate limb withdrawal takes place without the involvement of the higher 

centres in the brain, in order to avoid additional damage to the body. This reflex is mediated by 

a polysynaptic circuitry: the activated afferent fibre synapses onto an interneuron, which in turn 

activates a motor neuron in the ventral horn. The motor neuron stimulates the contraction of 

the flexor muscle in the ipsilateral limb, whilst an interneuron inhibits the extensors muscles in 

the same limb, thus resulting in limb withdrawal. 
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1.1.6 Ascending pathways  

Sensory inputs of different nature are transmitted to the brain via different ascending tracts. 

One of these pathways is the dorsal column medial lemniscus pathway [reviewed in (Al-Chalabi 

et al. 2021)]. Upon entering the spinal cord, most primary afferent neurons belonging to it do 

not synapse in the grey matter but enter the dorsal funiculus in the white matter and project to 

medullary nuclei. In particular, inputs from the upper limbs are transmitted through the 

fasciculus cuneatus, while axons from the lower limbs form the fasciculus gracilis. Second-order 

neurons in the medulla decussate and terminate in the ventral posterolateral nucleus of the 

thalamus, which represents the main integration site of sensory information from the periphery. 

Lastly, neurons in the thalamus project to the somatosensory cortex of the postcentral gyrus, 

where sensations of touch, vibration and proprioception are perceived [reviewed in (Al-Chalabi 

et al. 2021)]. The other ascending pathways are located in the ventrolateral funiculus; in these 

tracts, first-order neurons synapse with projection neurons in the dorsal horn laminae, which 

decussate before ascending to higher centres. One of the major pathways is the spinothalamic 

tract, which originates mainly from laminae I, IV and V [reviewed in (Basbaum et al. 2008)] and 

relays sensory information from the spinal cord to nuclei in the thalamus [reviewed in (Westlund 

2008)]. Signals arising from the same area of the body converge on the same third-order neurons 

in the thalamus, thus allowing to localise the sensory input [reviewed in (Westlund 2008)]. The 

spinothalamic tract comprises a ventral and a lateral pathway. The former is located in the 

anterior funiculus in the white matter of the spinal cord and relays information about crude 

touch and pressure; the latter is located in the lateral funiculus and transmits information about 

noxious stimuli and temperature [reviewed in (Sengul and Watson 2015)]. In the thalamus, the 

spinothalamic tract terminates in the ventroposterior nuclei, the intralaminar nuclei, the 

posterior complex and the central lateral nucleus. Third-order neurons in the thalamus convey 

information to multiple areas in the brain [reviewed in (Basbaum et al. 2009)], including the 

sensory cortex, involved in the discriminatory aspect of pain perception (e.g. location, intensity 

and duration), and the anterior cingulate gyrus and insular cortex, key components of the limbic 

system that have a major role in modulating emotional and motivational responses to pain (e.g. 

fear, anxiety and escape and avoidance behaviours) [reviewed in (Bushnell et al. 2013)]. 

Additionally, the spinothalamic tract possesses collateral branches that terminate in the 

rostroventromedial medulla (RVM) and the periaqueductal grey (PAG) [reviewed in (Sengul and 

Watson 2015)], which participate to the descending pain modulation. The spinoreticular tract, 

parallel to the spinothalamic one, ascends from the ventrolateral funiculus in the spinal cord 

and synapses onto third-order neurons in the reticular formation of the medulla and the pons 

[reviewed in (Sengul and Watson 2015)]. Projections from the reticular formation reach thalamic 
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nuclei, which then synapse onto various regions of the sensory cortex. The main function of the 

spinoreticular tract is to generate arousal/alertness in response to diffuse noxious and 

innocuous mechanical stimuli and noxious heat [reviewed in (Mendoza 2011)]. The 

spinomesencephalic system, also closely associated with the spinothalamic tract, collects 

different pathways, the main ones being the spinotectal and spinoparabrachial tracts [reviewed 

in (Yezierski 2013)], and relays information about both noxious and innocuous stimuli [reviewed 

in (Sengul and Watson 2015)]. The spinotectal tract terminates in the superior colliculus in the 

midbrain and is responsible for the integration of visual and sensory information (i.e. spinovisual 

reflexes) [reviewed in (Kayalioglu 2009)]. The spinoparabrachial tract projects to parabrachial 

nuclei in the brainstem, which in turn relay information to various other regions, including the 

hypothalamus, involved in the autonomic and endocrine response to pain; the amygdala, 

involved in the affective response to pain (e.g. anxiety and fear); and the PAG [reviewed in 

(Sengul and Watson 2015)]. Given its vast reciprocal connections to various nuclei in the brain, 

the PAG is involved in decision making, emotional coping strategies and aversive and defensive 

behaviours (through its interaction with the amygdala and medial prefrontal cortex); reward 

circuits and motivational responses (through its interaction with the ventral tegmental area); 

and homeostatic responses (through its interaction with the hypothalamus and parabrachial 

nuclei) [reviewed in (Motta et al. 2017, Tryon and Mizumori 2018)]. 
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1.1.7 Descending pathways 

Different structures within the brainstem are involved in the descending modulation of pain, 

both in an inhibitory and excitatory direction [reviewed in (Ossipov et al. 2014)]. The PAG in the 

midbrain plays a key role in this modulation, which was first demonstrated by the observation 

that morphine microinjections (Tsou and Jang 1964) and electrical stimulation (Reynolds 1969) 

of this region produced an analgesic effect in animals. A similar analgesic effect was also 

observed by electrical stimulation of the PAG in humans (Hosobuchi et al. 1977, Richardson and 

Akil 1977). The PAG carries out its modulatory action specifically through its interaction with the 

RVM (in the medulla oblungata) and the locus coeruleus (LC; in the pons). The thalamus, 

parabrachial region and LC also project onto the RVM, which represents the final relay centre in 

the descending pathways, as it then terminates in the dorsal horn [reviewed in (Ossipov et al. 

2014)]. The main neurotransmitters involved in the descending pathways are serotonin and 

noradrenaline, which can have an inhibitory or excitatory effect, depending on the receptors 

they bind to. Serotonin (5-HT) has an inhibitory effect when interacting with 5-HT1 and 5-HT2 

receptors, whereas it exerts an excitatory action when binding 5-HT3 receptors. Likewise, 

noradrenaline (NA) inhibits neuronal activity by binding α-2A and α-2B/C receptors, while 

binding to α-1A receptor has an excitatory function [reviewed in (Boadas-Vaello et al. 2016)]. 

Figure 1-4 summarises the main ascending and descending pathways. 
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Figure 1-4 Schematic representation of ascending and descending sensory pathways  

Signals from the periphery terminate onto a second-order projection neuron in the spinal cord, which in 

turn projects to higher centres in the brain and the brainstem via different ascending pathways, including 

the dorsal column medial lemniscus (in yellow), spinothalamic (in green), spinoreticular (in blue) and 

spinoparabrachial (in purple) tracts. Pain modulation is carried out by descending tracts from the higher 

centres to the spinal cord (in red). 
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1.1.8 Nociception and pain  

Nociception and pain should not be confused and used as interchangeable terms. The 

International Association for the Study of Pain (IASP) defines nociception as “the neural process 

of encoding noxious stimuli” and does not imply that pain is associated with it ("IASP 

Terminology"  2011). Indeed, nociception is an objective and quantifiable response to a noxious 

stimulus. By contrast, pain is always subjective and defined as “an unpleasant sensory and 

emotional experience associated with, or resembling that associated with, actual or potential 

tissue damage” (Raja et al. 2020). This definition stresses the fact that pain comprises an 

emotional state. As such, pain cannot be quantified by an external observer, but rather can only 

be experienced individually. 

Pain can be distinguished into acute or chronic manifestations. Acute pain appears rapidly after 

an injury or disease but typically lasts for a short period of time. Conversely, any persistent or 

recurring pain lasting more than three months is classified as chronic (Treede et al. 2015). A task 

force of the IASP recently developed a systematic classification of chronic pain that was 

implemented in the 11th edition of the International Classification of Diseases (ICD-11) (Treede 

et al. 2019). Chronic primary pain “is associated with significant emotional distress and/or 

significant functional disability (interference in activities of daily life and participation in social 

roles) and the symptoms are not better accounted for by another diagnosis” (Nicholas et al. 

2019). Conversely, chronic secondary pain is the consequence of other underlying conditions. In 

particular, the task force identified six subgroups of secondary pain (Treede et al. 2019): chronic 

cancer-related pain; chronic neuropathic pain; chronic posttraumatic and postsurgical pain; 

chronic secondary visceral pain; chronic secondary headache and orofacial pain; and chronic 

secondary musculoskeletal pain. 

1.1.9 Neuropathic pain 

The IASP defines neuropathic pain (NP) as “pain caused by a lesion or disease of the 

somatosensory nervous system” (Jensen et al. 2011). The prevalence of chronic pain with 

neuropathic characteristics in the general population has been estimated at 7-10% (Torrance et 

al. 2006, Bouhassira et al. 2008, Yawn et al. 2009, de Moraes Vieira et al. 2012). Lesions or 

diseases affecting the central somatosensory nervous system may evoke central NP, whereas 

lesions/diseases of the peripheral nerves may evoke peripheral NP. The reclassification of 

chronic pain for ICD-11 identified four different manifestations of chronic central NP: chronic 

central NP associated with spinal cord injury; chronic central NP associated with brain injury; 

chronic central poststroke pain; and chronic central NP caused by multiple sclerosis (Scholz et 

al. 2019). Chronic peripheral NP was also classified in five subgroups (Scholz et al. 2019):  
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▪ trigeminal neuralgia affects the trigeminal nerve and therefore manifests as orofacial pan. 

▪ chronic NP after nerve injury is caused by a lesion to peripheral nerves and can also be 

classified as peripheral chronic posttraumatic and postsurgical pain (Schug et al. 2019). 

▪ painful polyneuropathy is associated with metabolic (e.g. diabetes) and autoimmune (e.g. 

rheumatoid arthritis and Guillain-Barré syndrome) diseases, and exposure to environmental 

toxins and neurotoxic treatments (e.g. chemotherapy). In particular, chemotherapy-induced 

peripheral neuropathy can also be classified as chronic cancer-related pain, which comprises 

pain caused by cancer or metastases or by cancer treatment (Bennett et al. 2019b).  

▪ postherpetic neuralgia is caused by varicella-zoster virus. 

▪ painful radiculopathy is caused by a lesion of the cervical, thoracic, lumbar, or sacral nerve 

roots. 

NP can be a consequence of a peripheral neuropathy but does not develop in all patients 

affected by it [reviewed in (Colloca et al. 2017)]. NP symptoms can be both positive and negative, 

thus reflecting a gain or loss of somatosensory function, respectively. Positive symptoms include 

spontaneous abnormal sensations like paresthesia and/or dysesthesia (e.g. tingling and 

pricking), burning and/or paroxysmal pain and evoked pain in response to mechanical or thermal 

stimuli [reviewed by (Gierthmühlen and Baron 2016)]. In particular, responses to stimuli are 

defined allodynic when evoked by stimuli that are not normally painful, whereas hyperalgesia 

defines increased pain to painful stimuli. Conversely, negative symptoms comprise mechanical 

and thermal hypoalgesia (reduced pain in response to a stimulus that normally provokes pain) 

and hypoesthesia (reduced sensitivity to stimuli) [reviewed by (Gierthmühlen and Baron 2016)].  

Given the high degree of heterogeneity in its causes and symptoms, understanding the 

pathophysiology of NP, and subsequently investigating new therapeutic targets, is challenging. 

Several preclinical models have been developed to get a better understanding of its causal 

mechanisms. Rodents are the predominant species used in these preclinical investigations. The 

most common model for the study of NP involves a surgical procedure to generate a physical 

nerve injury (e.g. sciatic nerve ligation). However, other models have also been employed to 

mimic neuropathy induced by diseases or pharmacological agents, such as models of diabetic, 

HIV-associated and chemotherapy-induced neuropathy [reviewed in (Burma et al. 2017)]. 
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1.2 Chemotherapy-induced peripheral neuropathy 

Chemotherapy-induced peripheral neuropathy (CIPN) is the major dose-limiting side effect of 

several chemotherapeutic agents. Drugs associated with CIPN are used as first line treatment 

and combination therapy in a wide a variety of solid and haematological tumours and differ in 

their anti-cancer actions. As a result, it is still not clear whether their neurotoxic actions rely on 

similar mechanisms or not. Table 1-3 summarises the main chemotherapeutic compounds 

associated with CIPN and their mechanisms of action.  

Table 1-3 Commonly used chemotherapeutic compounds associated with CIPN and their mechanisms 

of action  

Chemotherapy agent Mechanism of action 

Platinum analogues 
Cisplatin 
Carboplatin 
Oxaliplatin 

DNA cross-linking 

Taxanes 
Paclitaxel 
Docetaxel 

Microtubule stabilisation 

Epothilones 
Ixabepilone 

Microtubule stabilisation 

Vinka alkaloids 
Vincristine 
Vinblastine 

Microtubule destabilisation 

Monoclonal antibodies 
Brentuximab 

Microtubule destabilisation 

Eribulin Microtubule destabilisation 

Bortezomib Proteasome inhibitor 

Thalidomide Immunomodulation/anti-angiogenesis 

Adapted from (Staff et al. 2017) 

1.2.1 Clinical presentation of CIPN 

Patients affected by CIPN report mostly sensory symptoms, that typically appear in a stocking-

and-glove distribution in both feet and hands. Symptoms include paresthesias, dysesthesias, 

hypersensitivity to mechanical and/or thermal stimuli, numbness and spontaneous, ongoing 

pain, which may impair daily life activities greatly. (Flatters et al. 2017). These symptoms have a 

profound effect on the patients’ quality of life. For instance, patients report difficulty in picking 

up objects and buttoning up clothing or putting on jewellery, due to numbness and impaired 

fine finger movement; inability to remove items from the fridge and to endure winter weather, 
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due to cold hypersensitivity; and loss of balance and pain on walking because of mechanical 

hypersensitivity and numbness in the feet. The emotional and social functions are also impacted 

and patients describe feelings of isolation, loss of independence, altered social and family 

relationships and inability to perform certain work tasks (Bakitas 2007, Speck et al. 2012). CIPN 

can appear at any time during the treatment, even after the treatment has been stopped, and 

symptoms can endure for months or years after the chemotherapy regimen has been ceased, 

which is a phenomenon known as ‘coasting’ (Farquhar-Smith 2011, Han and Smith 2013). The 

time course of CIPN is dependent on the chemotherapy and on the duration of the treatment. 

Typically, CIPN is dose-dependent and symptoms develop after cumulative doses of 

chemotherapy, generally after the 3rd or 4th cycle (Grisold et al. 2012). A recent systematic 

review and meta-analysis reviewed data from 31 studies on over 4 000 patients administered 

with oxaliplatin, cisplatin, carboplatin, paclitaxel, vincristine, thalidomide and bortezomib, 

either alone or in combination, to calculate the average CIPN prevalence (Seretny et al. 2014). 

The study revealed that 68.1% of patients suffered from CIPN within the first month following 

the cessation of chemotherapy, 60% at 3 months and 30% at 6 months or later. However, the 

authors reported a high degree of heterogeneity among studies, which was related to the time 

and method of assessment, dose received and chemotherapy type (Seretny et al. 2014). 

1.2.2 CIPN treatment and prevention 

Despite several clinical trials that tested the efficacy of various agents, many of which were 

selected after positive results in other chronic pain conditions (e.g. diabetic neuropathy), no 

treatment is currently available to prevent or treat CIPN completely (Hershman et al. 2014). The 

American Society of Clinical Oncology (ASCO) published clinical practice guidelines based on 48 

randomised controlled trials for CIPN treatment identified in a systematic literature search 

(Hershman et al. 2014). 42 trials tested the efficacy of chemoprotectants, anticonvulsants, 

antidepressants, vitamins, minerals and dietary supplements in the prevention of CIPN, but no 

agent was recommended as preventative treatment, due to a lack of significant benefits when 

compared with placebo controls. The remaining 6 trials investigated tricyclic antidepressants, 

anticonvulsants and a topical gel for the treatment of established CIPN. The only agent receiving 

a moderate recommendation was duloxetine (Hershman et al. 2014), which had already shown 

a beneficial effect in diabetic neuropathy (Goldstein et al. 2005), fibromyalgia (Russell et al. 

2008) and osteoarthritis (Chappell et al. 2011). Duloxetine showed efficacy in reducing pain 

severity in a large randomised Phase III placebo-controlled trial in oxaliplatin- and paclitaxel-

treated patients (Smith et al. 2013). However, further exploratory analyses showed that patients 

receiving oxaliplatin benefited more from duloxetine treatment than those administered with 

paclitaxel (Smith et al. 2013). Given the lack of meaningful preventive or analgesic treatment 
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options, the appearance of CIPN symptoms is often associated with dose reduction or cessation 

of treatment, which may potentially affect patient survival (Bhatnagar et al. 2014, Seretny et al. 

2014).  

1.2.3 CIPN diagnosis and assessment 

Currently, there is no reliable and standardised diagnostic tool for CIPN. A clinical examination 

and assessment of medical history are required to initially diagnose the neuropathy (Gordon-

Williams and Farquhar-Smith 2020). Many clinical grading scales are used in clinical practice to 

describe the severity of the neuropathy (Table 1-4). However, a significant interobserver 

variation has been reported between scales (Postma et al. 1998). Furthermore, these scales do 

not allow to assess pain thoroughly, and clinicians typically underscore the severity of the 

neuropathy when compared with direct patient reports (Shimozuma et al. 2009). A more 

composite grading tool, the Total Neuropathy Score (TNS), assesses the neuropathy by 

combining patient reports on their symptoms with physical assessments and 

electrophysiological investigations (Cornblath et al. 1999). However, it lacks an adequate 

assessment of pain (Smith et al. 2008). Currently, there’s no general consensus on the use of 

one grading tool over another (Farquhar-Smith 2011). Further self-report grading tools have 

been developed to evaluate the impact of CIPN on the quality of life. The Functional  

Assessment of Cancer Therapy/Gynecologic Oncology Group–Neurotoxicity (Fact/GOG-Ntx) is a 

comprehensive 11-item questionnaire that assesses CIPN symptoms and their impact on quality 

of life in oncology patients, with a focus on four different aspects of well-being: physical, social, 

emotional and functional (Calhoun et al. 2003). The Patient Neurotoxicity Questionnaire (PNQ) 

is a self-report questionnaire developed to assess sensory and motor symptoms and their effect 

on daily activities typically affected by CIPN, like buttoning clothes, putting on jewellery, tying 

shoelaces etcetera (Shimozuma et al. 2009). The McGill Pain Questionnaire (MPQ) allows to 

describe the location, quality and severity of pain, together with describing factors that alleviate 

or worsen it (Melzack 1975). Similarly, the Brief Pain Inventory (BPI) addresses the location and 

severity of pain and its impact on function (e.g. social relationships, mood and sleep) (Cleeland 

and Ryan 1994). Lastly, two questionnaires have been developed to evaluate quality of life. The 

European Organization for Research and Treatment of Cancer quality of life questionnaire 

(EORTC QLQ-C30) is not specific to CIPN but allows to assess the impact of cancer on various 

functions, including the physical, emotional and social ones, as well as the overall impact on 

general health and financial economic situation. The EORT QLQ-CIPN20 has been later 

developed to assess the specific impact of CIPN on quality of life (Postma et al. 2005).  
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Table 1-4 Clinical grading scales for CIPN assessment 

 Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 

WHO None Paresthesias 
and/or 
decreased 
tendon reflexes 

Severe 
paresthesias 
and/or light 
weakness 

Intolerable 
paresthesias 
and/or 
pronounced 
motor loss 

Paralysis 

Ajani  
sensory 
 

None Decreased deep 
tendon reflexes 
and/or 
paresthesias 

Loss of deep 
tendon reflexes, 
mild to 
moderate 
function 
impairment 

Severe 
paresthesias, 
severe function 
impairment 

Complete 
sensory loss, 
loss of function 

motor  Mild or 
temporary 
muscle 
weakness 

Constant 
moderate 
weakness 

Unable to walk Complete 
paralysis 

NCI-CTC  
sensory 

None or no 
change 

Mild 
paresthesias 
and/or loss of 
deep tendon 
reflexes 

Mild or 
moderate 
sensory loss 
and/or 
moderate 
paresthesias 

Severe sensory 
loss or 
paresthesias 
with function 
impairment 

 

motor None or no 
change 

Subjective 
weakness 

Mild weakness, 
no impairment 
of function 

Weakness and 
impairment of 
function 

Paralysis 

ECOG 
sensory 

None or no 
change  

Loss of deep 
tendon reflexes, 
mild 
paresthesias 

Moderate 
paresthesias, 
mild or 
moderate 
sensory loss 

Severe sensory 
loss, and 
impairment of 
function 

 

motor None or no 
change  

Subjective 
weakness 

Mild weakness, 
no impairment 
of function 

Severe 
weakness and 
impairment of 
function 

Paralysis 

WHO: World Health Organisation; NCI-CTC: National Cancer Institute – Common Toxicity Criteria; ECOG: 

Eastern Cooperative Oncology Group (Postma et al. 1998, Kaplow and Iyere 2017). 

Quantitative sensory testing (QST) comprises several non-invasive psychological and 

physiological tests to assess which afferent nerve fibre is associated with the neuropathy: large 

myelinated Aβ-fibres are evaluated through touch detection, Aδ-fibres with sharp pain 

detection and C-fibres function is assessed through thermal testing (Dougherty et al. 2004, 

Dougherty et al. 2007). Therefore, they may provide a useful tool to characterise the 

neuropathy. For instance, deficits in tactile and vibration threshold were associated with 

moderate to severe CIPN in breast cancer survivors who had received taxanes, alone or in 

combination with platinum agents. (Zhi et al. 2019). Oxaliplatin- and docetaxel-treated patients 

who presented symptoms of the neuropathy after treatment completion showed abnormal QST 

measurements (Krøigård et al. 2014). Altered QSTs have also been identified following 

treatment with most of the other neuropathy-inducing chemotherapeutic agents and results 

from a variety of studies have been comprehensively reviewed by Argyriou and colleagues 
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(Argyriou et al. 2019). Despite much evidence of abnormal QSTs in CIPN, performance of a 

complete set of QSTs is time-consuming and necessitates of specialised equipment and staff. 

Additionally, patient-related factors like attention level, boredom or confusion may affect QST 

performance and results (Siao and Cros 2003). For these reasons, QSTs are not routinely 

performed during the clinical evaluation of CIPN.  

Nerve conduction studies (NCS) involve the stimulation of peripheral nerves with small electrical 

impulses to assess the functionality of large myelinated fibres by measuring the amplitude and 

conduction velocity of sensory and motor action potentials. Using NCS, abnormal 

electrophysiological findings have been reported in various nerves (sural, median, ulnar, radial 

and peroneal) of patients exposed to different chemotherapeutic compounds, including 

cisplatin (Krarup-Hansen et al. 2007), oxaliplatin (Argyriou et al. 2007), paclitaxel (Chen et al. 

2013), docetaxel (Chen et al. 2013) and bortezomib (Velasco et al. 2010). Therefore, NCS provide 

a good complementary tool to the clinical assessment for the diagnosis of peripheral 

neuropathies. Nevertheless, they have a few limitations. First of all, they do not provide any 

information on Aδ- or C-fibres, so NCS may be normal in the presence of small fibre nerve 

damage. In addition, performance of NCS relies on specialised equipment and trained personnel 

and may be discomforting for the patients. Therefore, they are not routinely employed in clinical 

practice [reviewed in (Matsuoka et al. 2016)]. Nerve excitability studies allow to obtain a deeper 

understanding of the degree and type of the electrophysiological deficit evoked by 

chemotherapy, as they provide information regarding ion channel function and membrane 

potential [reviewed in (Huynh and Kiernan 2015)]. Using this technique, sensory abnormalities 

were identified in oxaliplatin-treated patients before the observation of NCS deficits and the 

development of a severe neuropathy (Park et al. 2009a, Park et al. 2015). 

Nerve biopsies would provide an optimal tool to diagnose CIPN, but they are rarely employed 

for this scope. An investigation on the usefulness of sural nerve biopsy in neuropathy patients 

revealed that the biopsy itself changed the neuropathy diagnosis and was a source of increased 

pain (Gabriel et al. 2000). The only reports of sural nerve biopsies in CIPN patients showed 

severe fibre loss following paclitaxel (Sahenk et al. 1994) and docetaxel regimens (Fazio et al. 

1999). A skin punch biopsy can be performed to evaluate loss of IENFs, which would be a 

downstream effect of damage to Aδ- and C-fibres (Mangus et al. 2020). Indeed, loss of IENF 

density has been associated with CIPN, but results were often conflicting among studies 

[reviewed in (Argyriou et al. 2019)]. Moreover, IENFs are typically affected after the patients 

display clinical symptoms of the neuropathy. Additionally, the technique is expensive, time-

consuming and relatively invasive. Therefore, skin biopsies are not often used in the diagnosis 

of CIPN, nor are recommended for this scope (Gordon-Williams and Farquhar-Smith 2020).  
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1.3 Oxaliplatin-induced peripheral neuropathy  

1.3.1 Clinical presentation 

Oxaliplatin is the first-line treatment for colorectal cancer (CRC). As of 2018, CRC represents the 

third most common cancer and the second most common cause of cancer-related death 

worldwide. It accounted for 10.2% of all new cancer cases, with > 1.8 million new cases 

diagnosed that year (Bray et al. 2018). In the UK alone, CRC was the fourth most common cancer 

and affected > 42 000 people, as of 2017 ("Bowel cancer incidence statistics"  Cancer Research 

UK 2020). Oxaliplatin-induced peripheral neuropathy (OIPN) manifests as two different clinical 

syndromes. Acute neurotoxicity appears during chemotherapy administration or hours/days 

after the first infusion cycles and affects the majority (68-98%) of patients treated with different 

combinations of regimens (85-130 mg/m2 oxaliplatin) (Díaz-Rubio et al. 1998, Land et al. 2007, 

Park et al. 2009a, Storey et al. 2010, Argyriou et al. 2012, Alejandro et al. 2013, Argyriou et al. 

2013a, Argyriou et al. 2013b, Soveri et al. 2019). Patients report cold-triggered perioral and 

pharyngolaryngeal dysesthesias, jaw tightness, difficulty with swallowing, muscle cramps and 

hand dysesthesias (Attal et al. 2009, Argyriou et al. 2013b). Nevertheless, acute OIPN is transient 

and often resolves between infusion cycles. A recent examination of patients receiving adjuvant 

oxaliplatin treatment showed that OIPN symptoms peaked around day 3 after the first 

chemotherapy administration, then improved but did not resolve completely before the second 

infusion cycle (Pachman et al. 2016). In case of severe acute neuropathy, patients did not require 

dose reductions/treatment discontinuation, but only a prolonged infusion time (Argyriou et al. 

2012, Argyriou et al. 2013b). By contrast, chronic OIPN manifests after cumulative doses of 

oxaliplatin and tends to worsen over time, as the treatment progresses. Moreover, the 

neurotoxicity can keep worsening even after treatment completion and can last for several 

months (Pachman et al. 2016). Therefore, patients often require dose reduction or 

discontinuation of the chemotherapy regimen. Patients display spontaneous paresthesias or 

dysesthesias in the hands and feet, deficits to thermal and/or mechanical stimuli, loss of tendon 

reflexes, vibration deficit, proprioceptive ataxia, weakness, numbness and tingling (Land et al. 

2007, Attal et al. 2009, Pachman et al. 2016). A large prospective, multicentre study showed that 

72.5% of patients (145/200) were affected by chronic OIPN after treatment discontinuation, 

with most patients (75.1%) experiencing grade1-2 neuropathy compared with grade 3 (24.8%) 

(Argyriou et al. 2013a). Chronic OIPN symptoms suggest that the chronic neurotoxicity is a 

continuation of the acute one. This hypothesis is supported by evidence that patients 

experiencing more severe acute OIPN would then develop more severe chronic neuropathy 

(Park et al. 2009a, Argyriou et al. 2013b, Pachman et al. 2016). Chronic symptoms are partly 

reversible in approximately 80% of patients, and in 40% of cases resolve completely after 6-8 



40 

months after treatment discontinuation [reviewed in (Argyriou et al. 2008)]. Nevertheless, after 

a median follow-up time of 4.2 years after treatment cessation, 69% of patients who received 

an adjuvant oxaliplatin treatment still experienced sensory neuropathy (grade 1 to 4) (Soveri et 

al. 2019). Additionally, a prospective study on 91 CRC patients reported that chronic OIPN 

symptoms were still present in 84% of patients 2 years after oxaliplatin treatment had been 

stopped, although the neuropathy severity was significantly reduced (Briani et al. 2014). 

Moreover, coasting has been reported in a patient that did not display any symptoms of acute 

or chronic OIPN for the entirety of the chemotherapy treatment, but started showing a quick 

progression of typical OIPN symptoms such as numbness and tingling in the upper and lower 

limbs, difficulty with balance and loss of fine movement once the treatment was over (Choi et 

al. 2006). Symptoms improved with time but still persisted for 7.5 months (Choi et al. 2006). A 

potential explanation for these persistent manifestations of oxaliplatin-induced neurotoxicity is 

that oxaliplatin may be accumulating in the DRG, as observed both in vitro and in vivo in 

preclinical models of OIPN (see section 1.3.4).  

1.3.2 Discovery and development of platinum analogue compounds 

The discovery of the anti-tumour effect of platinum compounds dates back to the ‘60s, when 

Rosenberg and colleagues stumbled upon the inhibitory effect of platinum (Pt) on E. coli cell 

division whilst investigating the effects of an electric field on bacterial growth (Rosenberg et al. 

1965). Further experiments from the same authors described a variety of different ionic species 

of Pt complexes that could be formed in solution. In particular, cis-platinum (II) 

diamminodichloride (cis-Pt(II)(NH3)2Cl2), later named cisplatin (Figure 1-5 A), was identified as 

one of the specific complexes responsible for cell division inhibition (Rosenberg et al. 1967). A 

potential inhibitory effect on cancer growth was conjectured and the jump from bacteria to 

mammal models followed quickly.  
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Figure 1-5 Chemical structure of the platinum analogues developed throughout the years 

(A) Cisplatin, whose fortuitous discovery dates back to 1965, was the first anti-tumour compound 

belonging to the platinum (Pt) analogue family. (B) In an attempt to reduce cisplatin nephrotoxicity, the 

second-generation Pt analogue carboplatin was synthesised. Carboplatin was obtained by the substitution 

of the chlorine atoms of cisplatin with a bidentate group. (C-E) The amine groups in cisplatin were replaced 

with a diaminocyclohexane (DACH) group to further overcome cisplatin and carboplatin limitations. 

Nevertheless, DACH compounds were not soluble in water. The DACH group was a mixture of cis and trans 

isomeric forms: (C) cis-DACH Pt(II), the least potent of the isomers; (D) trans-d-DACH Pt(II) and (E) trans-

l-DACH Pt(II), the most potent of the isomers. (F) Oxaliplatin, a third-generation compound, was 

developed by retaining the trans-l-DACH group and replacing the chloride groups with oxalate. Oxaliplatin 

was both an effective anti-tumour compound and easily soluble in water, thus becoming a good candidate 

for clinical trials. 

Since then, the anti-tumour effect of Pt was rapidly demonstrated. Cisplatin was able to inhibit 

tumour growth in sarcoma 180 and leukaemia L1210 mice models (Rosenberg et al. 1969) and 

to induce regression of solid sarcoma 180 tumours in mice (Rosenberg and VanCamp 1970). 

Following the first preclinical investigations, cisplatin was found to be effective in a wide variety 

of cancers in different animal models [reviewed in (Rosenberg 1985)]. Positive results were also 

obtained with experimental tumour systems at the National Cancer Institute, which eventually 

led to the first clinical trials of cisplatin in cancer patients in 1972. Cisplatin was clinically 

successful in the treatment of various solid tumours and in 1978 received the Food and Drug 

Administration (FDA) approval for treating advanced testicular, ovarian and bladder cancer. 

Early trials were impaired by a severe and dose-limiting nephrotoxicity, in addition to significant 

emesis, oto-, myelo- and neurotoxicity [reviewed in (McKeage 1995)]. Several cisplatin 

analogues were synthesised trying to maintain its broad anti-tumour activity and to overcome 

its toxic side effects. Over 300 compounds were tested at the Institute of Cancer Research 

(London, UK). The most successful compound was carboplatin (cis-diamino-1,1-cyclobutane 

dicarboxylato platinum II), which was synthesised by replacing the two chloride groups of 

cisplatin with a bidentate cyclobutene dicarboxylate ligand (Figure 1-5 B). The substitution of 
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chlorine with a bidentate group increased carboplatin water solubility by 17 times compared 

with cisplatin. Carboplatin did not evoke any significant nephrotoxicity and produced a less 

severe emesis than cisplatin. However, it was associated with a dose-limiting myelosuppression 

(Calvert et al. 1982). Further attempts were made to overcome cisplatin and carboplatin 

limitations. The substitution of the amine groups in cisplatin with diaminocyclohexane (DACH) 

groups allowed retaining a good anti-tumour activity but no cross-resistance with cisplatin 

[reviewed in (Di Francesco et al. 2002)] (Figure 1-5 C-E). Nevertheless, DACH complexes were 

not soluble in water and therefore not suitable for clinical development. Improved water 

solubility was obtained by maintaining the most active DACH group, the trans-l-DACH, and 

substituting the chloride groups with more anionic groups. Finally, the substitution of chloride 

with oxalate led to the development of the third-generation Pt compound oxalate trans-l-DACH 

Pt(II), later named oxaliplatin (Figure 1-5 F). Oxaliplatin was 8 times more water soluble (Mathe 

et al. 1989) and presented similar or greater efficacy than cisplatin in several mouse models of 

haematologic and solid tumours (Kidani et al. 1980, Mathe et al. 1985, Tashiro et al. 1989), 

without displaying the marked nephrotoxicity associated with cisplatin (Mathe et al. 1985). 

Oxaliplatin was also reported to not produce cross-resistance to cisplatin in cisplatin-resistant 

cells, both in vitro (Kraker and Moore 1988, Tashiro et al. 1989, Rixe et al. 1996) and in vivo 

(Tashiro et al. 1989). The effectiveness of oxaliplatin was further highlighted by an investigation 

on the activity of Pt analogues in vitro on the National Cancer Institute's Anticancer Drug Screen 

Panel, which showed that colon cancer cell lines were particularly sensitive to oxaliplatin, whilst 

they displayed resistance to both cisplatin and carboplatin (Rixe et al. 1996). Oxaliplatin 

underwent its first Phase I clinical trial in 1986. No nephrotoxicity was reported, whilst nausea 

and emesis remained the most significant side effects (Mathe et al. 1986). A Phase II clinical trial 

reported the effectiveness of the combination of oxaliplatin and 5-fluorouracil (5-FU) and folinic 

acid (FA, also known as leucovorin) on metastatic colorectal cancer (in 58% of cases) (Levi et al. 

1992). The most frequent side effects of oxaliplatin treatment remained nausea and emesis, 

whilst nephrotoxicity and myelotoxicity were not as frequent as in case of cisplatin and 

carboplatin, respectively. However, neurotoxicity was identified as a marked side effect of 

oxaliplatin (Mathe et al. 1989). The abundance of positive preclinical and clinical results led to 

oxaliplatin approval in France in 1996 and in Europe in 1999 as first-line treatment for metastatic 

CRC, together with 5-FU and leucovorin (LV). FDA approval to treat patients with recurring CRC 

after initial therapy followed in 2002. Finally, in 2004, it received FDA approval as initial 

treatment for CRC as well (Graham et al. 2004, Ibrahim et al. 2004).  
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1.3.3 Mechanism of action of platinum analogues  

Oxaliplatin, like any other member of the Pt analogue family, is believed to carry out its cytotoxic 

action mainly through DNA damage. Downstream of DNA damage, the major effect of Pt 

compounds is the inhibition of DNA replication, which in turn leads to cell cycle arrest and 

eventually cell death via apoptosis and/or necrosis [reviewed in (Martinez-Balibrea et al. 2015)]. 

To carry out their cytotoxic action, all Pt analogues first undergo a biotransformation that 

produces the active form of the compound. Oxaliplatin non-enzymatic biotransformation 

comprises the displacement of the inactive oxalate group and the formation of several transient 

reactive species, such as dichloro-, monochloro-, and diaquo-platin, which in turn can bind to 

amino acids, plasma proteins and DNA, thus exerting their cytotoxic activity (Alcindor and 

Beauger 2011). The Pt-DNA interaction was first reported in 1970. Harder and Rosenberg 

observed that DNA synthesis, measured as 3H-thymidine incorporation, in human AV3 cells 

exposed to cisplatin was rapidly and irreversibly inhibited by cisplatin in a dose-dependent 

manner. A secondary inhibitory effect on RNA and protein synthesis was also observed, but only 

at higher concentrations and after longer exposure periods (Harder and Rosenberg 1970). The 

Pt-DNA interaction has been the object of extensive research ever since. Examination of the 

cisplatin-DNA adducts showed that Pt was bound to the N7 atoms of guanine and adenine, thus 

forming intrastrand cross-links preferably at guanine clusters, d(GpG) and d(ApG) (Fichtinger-

Schepman et al. 1985). Intrastrand cross-links are the most common adducts formed by cisplatin 

(Eastman 1983). Interstrand cross-links have been identified, but only accounted for 1% of the 

total Pt-DNA adducts, and a small fraction of DNA-protein cross-links have been observed as 

well (Eastman 1983). The chemical structure of cisplatin-derived Pt analogues, and in particular 

their leaving group, was thought to affect drug-binding sites and partly explains their different 

degrees of anti-tumour activity. For instance, Micetich and colleagues observed that carboplatin 

was 45 times less potent than cisplatin on L1210 cells. Carboplatin was also associated with a 

12-hour delay in the formation of DNA interstrand cross-links and a 6-hour delay in the 

formation of DNA-protein cross-links, compared with cisplatin (Micetich et al. 1985). The 

authors hypothesised that such a delay was due to the stability of the bidentate cyclobutene 

dicarboxylate ligand, which makes carboplatin more resistant to hydrolysis and therefore more 

slowly activated than cisplatin, whose chloride groups can be easily displaced. By contrast, 

oxaliplatin formed the same intra- and interstrand and DNA-protein cross-links as cisplatin 

(Woynarowski et al. 1998, Woynarowski et al. 2000), but was less reactive on naked SV40 DNA 

(Woynarowski et al. 1998), calf thymus DNA (Saris et al. 1996) and on intracellular DNA in human 

ovarian carcinoma A2780 cells. Despite its reduced reactivity, oxaliplatin was four times more 

cytotoxic in the same A2780 cells than cisplatin (Woynarowski et al. 1998). A potential 
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explanation for the difference in cytotoxicity between oxaliplatin and other Pt compounds is the 

existence of different cellular mechanisms of drug resistance. Several mechanisms of cellular 

drug uptake and efflux have been identified and associated with oxaliplatin, cisplatin and 

carboplatin resistance, including the copper solute carrier (SLC) and the ATP-binding cassette 

(ABC) transporters and the glutathione (GSH) system [reviewed in (Martinez-Balibrea et al. 

2015)]. However, no significant difference in drug uptake and/or efflux, nor in its intracellular 

inactivation, was observed among Pt compounds, thus suggesting that different mechanisms of 

DNA repair may be responsible for the different anti-tumour activities of these agents [reviewed 

in (Di Francesco et al. 2002)]. 

1.3.4 Platinum accumulation in the peripheral nervous system 

It is generally believed that CIPN is a direct consequence of chemotherapeutic compounds 

accumulation in the PNS. Indeed, clinical and preclinical investigations have identified Pt 

accumulation in different peripheral neuronal tissues. Conversely, the blood-brain barrier 

provides an effective protection against drug accumulation in the CNS, and delivery of anti-

tumour agents to the brain and spinal cord is therefore challenging. An early examination of 

three patients treated with cisplatin reported accumulation of Pt in the DRG (mean levels: 3.8 

µg/g) and, to a lesser extent, in the peripheral nerves (sural, tibial, femoral and median; mean 

levels: 2.3 to 3.5 µg/g) up to 4 months after cisplatin treatment. On the other hand, Pt levels in 

the brain and spinal cord were 10 to 20 times lower, with mean levels of 0.17 and 0.36 µg/g, 

respectively (Thompson et al. 1984). A further investigation in 21 cisplatin-treated patients 

revealed that DRG were characterised by the highest accumulation of Pt, followed by peripheral 

nerves, with mean levels of 1.68 and 1.30 µg/g, respectively. The lowest Pt concentration was 

detected within the brain and spinal cord, with mean levels of 0.37 and 0.24 µg/g, respectively 

(Gregg et al. 1992). Furthermore, patients who displayed clinical evidence of neurotoxicity 

showed the highest levels of Pt accumulation in the DRG and peripheral nerves (Gregg et al. 

1992). To our knowledge, Pt accumulation in the peripheral tissues has not been investigated in 

a clinical setting following oxaliplatin administration. However, a lot of in vitro and in vivo 

evidence is present in the literature. Pt accumulated in DRG neurons after in vitro exposure to 

oxaliplatin (Luo et al. 1999, Ta et al. 2006, Liu et al. 2013). Repeated systemic administration of 

oxaliplatin in rat models (cumulative dose 29.6 to 48 mg/kg) resulted in Pt accumulation in the 

DRG (Holmes et al. 1998, Cavaletti et al. 2001, Ip et al. 2013, Fujita et al. 2019) and sciatic nerve 

(Cavaletti et al. 2001, Ip et al. 2013) immediately after treatment cessation. Pt accumulation was 

also observed in the DRG of oxaliplatin-treated mice (Park et al. 2015). Pt levels in both tissues 

were still detectable after a follow-up period of 5-8 weeks, but were decreased compared with 

the previous time point (Holmes et al. 1998, Cavaletti et al. 2001). Accumulation of Pt within 
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nervous tissues is dose-dependent: Pt levels in the neuronal population of the DRG and sciatic 

nerve increased with cumulative doses of oxaliplatin (4 mg/kg administered twice a week for 2, 

4 or 6 weeks), and accumulation was evident in the mitochondrial fraction of both tissues 

(Nishida et al. 2018). Conversely, plasma levels of Pt were approximately 10-fold lower than 

those in neuronal tissues, thus supporting the evidence that Pt accumulates within sensory 

neurons (Nishida et al. 2018). In rats administered bi-weekly with oxaliplatin, Pt accumulated 

increasingly within the DRG, sural and sciatic nerves in a time- and dose-dependent manner over 

the course of eight weeks (Screnci et al. 2000). Additionally, Pt levels in the brain and spinal cord 

were at least 10-fold lower than in the peripheral tissues (Screnci et al. 2000, Ip et al. 2013).  

1.3.5 Preclinical models of OIPN 

Many animal models of OIPN have been described in the literature. Models differ in treatment 

schedule, administration route, cumulative dose and species used. Most studies are conducted 

in male rats and mice, and oxaliplatin is administered through the intraperitoneal (IP) or 

intravenous (IV) route, for a systemic exposure to the compound [reviewed in (Hopkins et al. 

2016)]. Typically, animal models do not involve the induction or implantation of tumour loads 

in the animals. It might be argued that the incorporation of the tumour environment in these 

models would be more clinically relevant and would provide more translational results. 

However, animal welfare needs to be taken into account and causing excessive stress and/or 

pain needs to be avoided. Additionally, evaluation of chemotherapy-induced pain-like 

behaviours would be hindered if the animals displayed signs of pain and/or ill health non-related 

to chemotherapy administration. OIPN animal models can be broadly divided into acute and 

chronic models. Acute models rely on the administration of a single dose (1-12 mg/kg) of 

oxaliplatin, which results in the rapid development of both cold and mechanical allodynia 

[reviewed in (Hopkins et al. 2016)]. By contrast, chronic models comprise the repeated 

administration of oxaliplatin, typically with an intermittent regimen to mimic the clinical 

administration schedule. Chronic models are highly heterogeneous across studies from different 

research groups, both in terms of length of treatment and of final cumulative dose [reviewed in 

(Hopkins et al. 2016)]. Mechanical and/or cold hypersensitivity are commonly observed after 

chronic doses of oxaliplatin, although the duration and severity of pain-like behaviours vary 

among investigations, depending on the methodological approach used.  

A few studies have employed primates, which are phylogenetically closer and display similar 

neuroanatomical characteristics to humans [reviewed in (Hama et al. 2018)]. Hence, they would 

provide a more translational tool in the investigation of new analgesic therapies for CIPN. 

Oxaliplatin-induced cold hypersensitivity was observed in a study comparing the efficacy of 
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three different analgesic compounds (duloxetine, pregabalin and tramadol) in cynomolgus 

macaques and rats, although primates displayed an earlier onset compared with rats (Shidahara 

et al. 2016). In primates, only duloxetine displayed an analgesic effect, whereas all three 

compounds were effective in the rat model, thus suggesting that OIPN pathophysiology and 

symptoms may be species-specific. Nevertheless, differences in methodology (i.e. 

administration route and schedule and behavioural tests employed) may also have contributed 

to such differences between models (Shidahara et al. 2016). Cold hypersensitivity was also 

observed in another macaque model of OIPN, where duloxetine was also able to relieve 

oxaliplatin-induced pain-like behaviour (Nagasaka et al. 2017). Another advantage of primate 

models is the possibility to infuse oxaliplatin IV, following clinical instructions (Shidahara et al. 

2016, Nagasaka et al. 2017). Nevertheless, the use of primates for research is associated with 

more complex ethical implications and concerns compared with rodent models. Moreover, the 

practical feasibility of using primate models is limited by the amount of care necessary to 

maintain and develop them. For these reasons, rodents remain the predominant model used in 

preclinical CIPN research, despite their limitations.  

1.3.5.1 Behavioural assessments in animal models  

The intrinsic limitation of preclinical models in the study of pain is the fact that animals cannot 

self-report pain. Therefore, pain evaluation relies on the observation of pain-like behaviours 

evoked by noxious stimuli, while symptoms like spontaneous pain, paresthesias/dysesthesias 

and numbness are more challenging to investigate. Furthermore, the usefulness of these models 

in the investigation of new potential treatments for CIPN (and pain in general) has been 

questioned, after many failed clinical trials on analgesic compounds that were effective in the 

preclinical phase [reviewed in (Percie du Sert and Rice 2014)]. 

Mechanical-evoked responses were first assessed with the Randall-Selitto (or paw pressure) test 

(Randall and Selitto 1957): animals are physically restrained to apply a progressively increasing 

mechanical pressure to the paw or tail, until the nociceptive threshold is reached (withdrawal 

or vocalisation). More commonly, mechanical hypersensitivity (either allodynic or hyperalgesic 

response) is evaluated with von Frey filaments, which are nylon monofilaments that allow 

application of a reproducible, specific force upon bending. Animals are placed in individual cages 

that allow to access the paws and the filament is gently applied to the plantar surface. Paw 

withdrawal, flicking and/or licking are registered as pain-like responses. Less commonly, other 

body surfaces can be assessed, including the snout for the evaluation of orofacial pain or the 

abdomen for the assessment of visceral pain. Von Frey testing can be performed with different 

protocols. The most common approach is the up-down method, which involves the repeated 



47 

application of filaments to identify the 50% withdrawal threshold, i.e. the force necessary to 

induce a response in 50% of the animals. If no response is observed after application of the first 

filament, the test proceeds with the application of another one with increasing force; 

conversely, if animals do respond to the filament, a new one with lower force is tested. 

According to the presence or lack of response to the different forces, the test is repeated 

between four and nine times on each paw (Chaplan et al. 1994). Therefore, limitations of this 

technique comprise the variability in the number of stimulations among animals and the 

potential sensitisation that may occur after repeated stimulations. The frequency (or percent) 

method consists in the repeated application of filaments (usually 5-10 times for every animal) 

with increasing forces and the number of pain-like responses is counted (Kim and Chung 1992). 

In this case, withdrawal threshold cannot be identified. Risk of sensitisation is a caveat of this 

approach as well but, unlike the up-down technique, it allows all the animals to be exposed to 

the same amount of stimulations. Electronic von Frey apparatuses can also be employed for the 

automated application of increasing forces (Martinov et al. 2013), although a trained 

experimenter is still required to evaluate the animals’ responses. 

Pain-like behaviour in response to thermal stimuli can be measured through a variety of tests. 

In the tail flick test (D'amour and Smith 1941), animals’ tails are exposed to a hot stimulus (i.e. 

hot water or radiant heat) and the withdrawal latency is measured. Alternatively, the hot plate 

test (Woolfe and Macdonald 1944) allows to measure the heat threshold in the hind paws, as 

animals are placed on a hot surface and latency to response (i.e. paw withdrawal, licking and 

jumping) is recorded. The plate can be kept at a constant noxious temperature ( > 50°C) or can 

be set to progressively increase the temperature, starting from non-noxious ones (42°C), until a 

response is observed (Ogren and Berge 1984). The cold plate works in a similar way: animals are 

placed on a cooled surface that can be set to specific noxious and innocuous temperatures (-5°C 

to 25°C) and latency to withdrawal is measured to identify the cold pain threshold (Allchorne et 

al. 2005). Sensitivity to cool temperatures can also be measured with the acetone test (Yoon et 

al. 1994), although this test does not allow to expose the animals to specific temperatures. 

Animals are placed in individual cages with mesh floor and a small amount of acetone is applied 

to the hind paws. The cold stimulus is provided by the evaporation of the acetone, which creates 

a cooling sensation. Cold sensitivity can be assessed either by counting the number of 

withdrawal responses (Yoon et al. 1994) or by scoring the severity of the responses (Flatters and 

Bennett 2004). Lastly, the thermal place preference allows to monitor animals as they move 

freely on two contiguous plates set at fixed temperatures, and to measure the amount of time 

spent on both surfaces. One plate is set at an innocuous temperature while the other is set at a 

specific noxious one (Moqrich et al. 2005).  
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In recent years, behavioural tests that do not rely on evoked pain-like responses have been 

developed in attempt to investigate spontaneous pain and better mimic the clinical syndrome. 

In this context, deficits in natural behaviours like wheel running and burrowing may be regarded 

as signs of spontaneous pain. Wheel running behaviour has been observed in laboratory rodents 

since the end of the 19th century (Stewart et al. 1985) and has been widely used ever since. To 

perform the test, animals are singly caged and are given free access to a wheel apparatus. 

Running activity can be measured via a software connected to the wheel itself, thus allowing 

experimenters to monitor the behaviour over long periods of time. In the burrowing test 

(Deacon 2006), animals are placed in individual cages and have access to a burrowing tube filled 

with a burrowing substrate for a set amount of time. The amount of material left in the tube at 

the end of the test is weighed to assess potential alterations in burrowing behaviour compared 

with baseline or control animals. 
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1.4 Mitochondria 

Mitochondria are commonly known as the ‘powerhouse of the cell’, as they sustain the 

functionality of every cell, except for erythrocytes, through energy production in form of ATP 

via oxidative phosphorylation (OXPHOS). They are also involved in other essential functions, 

including reactive oxygen species (ROS) generation and intracellular calcium homeostasis. First 

observations of cellular components that were later identified as mitochondria date back to the 

1840s. The development of better staining and imaging techniques by 1890s allowed Altmann 

to properly observe structures, which he named bioblasts, within all cells (Altmann 1890). 

Bioblasts were later renamed mitochondria by Benda in 1898 (Benda 1898). The development 

of electron microscopy allowed to obtain the first high-resolution images of mitochondria in 

1953, thus allowing to understand the internal structure of the organelles (Palade 1953, 

Sjostrand 1953). Figure 1-6 illustrates the main features of mitochondrial structure. 

Mitochondria are encapsulated within two separate membranes. The outer membrane (OM) 

separates mitochondria from the cell cytoplasm but is selectively permeable to ions and small 

molecules that can cross the membrane through porins. Conversely, the inner membrane (IM) 

is impermeable to all ions and molecules, which can only cross it via specific transporters. The 

IM encapsulates the innermost mitochondrial matrix, which contains mitochondria’s own DNA, 

ribosomes for protein synthesis and granules, which are rich in calcium and phosphorus (Wolf 

et al. 2017). The IM is characterised by deep invaginations, named cristae, where the complexes 

of OXPHOS reside. The tiny gap between the two membranes (approximately 20 nm) represents 

the intermembrane space (Kühlbrandt 2015). The structure of mitochondria is strikingly similar 

to that of prokaryotic cells. In 1967 Lynn Margulis proposed that mitochondria and other 

eukaryotic organelles like plant chloroplasts originated from a bacterium engulfed by an ancient 

eukaryotic cell, thus living in endosymbiosis (Sagan 1967). Further studies in the ‘70s and ‘80s 

identified homologous oligonucleotide sequences between mitochondrial and prokaryotic 

ribosomal RNAs (Bonen et al. 1977, Yang et al. 1985), thus supporting the endosymbiotic 

hypothesis.  
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Figure 1-6 Structural organisation of a mitochondrion 

The outer and inner membranes generate two distinct areas within a mitochondrion: the intermembrane 

space, between the two membranes, and the mitochondrial matrix, encapsulated within the inner 

membrane, and containing DNA, ribosomes and granules. Part of this figure was created with 

BioRender.com. 

1.4.1 Oxidative phosphorylation  

Cellular respiration begins in the cytoplasm with the conversion of one molecule of glucose into 

two molecules of pyruvate and ATP during anaerobic glycolysis. Pyruvate is converted to acetyl-

Coenzyme A (CoA) in the mitochondrial matrix and enters the citric acid cycle for the production 

of nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2). NADH 

and FADH2 act as electron carriers in OXPHOS, which is the main source of energy production for 

the cell. Indeed, the final yield of one OXPHOS reaction is 30-38 molecules of ATP. The role of 

mitochondria in the aerobic metabolism through OXPHOS has been known since 1940s, when 

isolation of intact mitochondrial fractions allowed to demonstrate the mitochondrial-specific 

distribution of enzymes involved in ATP production [reviewed in (Pagliarini and Rutter 2013)].  

It wasn’t until 1961 that scientists finally understood the principles of OXPHOS, with Mitchell’s 

theory of chemiosmotic coupling (Mitchell 1961). Mitchell proposed that ATP generation was 

driven by a proton motive force, where the pumping of protons across the IM is coupled with 

electron transfer across complexes of the electron transport chain (Mitchell 1961). The validity 

of Mitchell’s theory was debated for many years, until supporting evidence emerged and 

Mitchell was awarded with the Nobel Prize in Chemistry in 1978. 
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OXPHOS takes place in five protein complexes located in the cristae of the IM. Complex I to IV 

make up the electron transport chain (ETC) system and are responsible for the transfer of 

electrons through a series of redox reactions, which eventually lead to the reduction of O2 into 

water. Downstream of the ETC, Complex V converts adenosine diphosphate (ADP) to ATP. The 

abundance of cristae within the mitochondria reflects the energy demand of the tissue they are 

supplying: high-energy demand-tissues, like skeletal muscles and the heart, are characterised 

by dense, closely stacked cristae, where OXPHOS complexes can accumulate. By contrast, tissues 

that require less energy are characterised by less dense cristae (Kühlbrandt 2015). OXPHOS 

reactions are described below [reviewed in (Papa et al. 2012)] and illustrated in Figure 1-7:  

▪ Complex I (NADH dehydrogenase) is the largest complex in the ETC, comprising 45 different 

subunits, and represents the first point of entry for electrons. Complex I oxidises NADH to 

NAD+ by transferring two electrons to ubiquinone (or coenzyme Q), which is reduced to 

ubiquinol. At the same time, four protons are pumped from the matrix to the 

intermembrane space. 

▪ Complex II (succinate dehydrogenase) consists of only 4 subunits and represents the second 

point of entry for electrons. It is the only complex shared between the ETC and the citric acid 

cycle, from which it receives electrons via succinate. Succinate is oxidised to fumarate and 

two electrons are transferred to flavin adenine dinucleotide (FAD), which is reduced to 

FADH2. FADH2 is oxidised back to FAD by transferring two electrons to ubiquinone. No 

protons are pumped into the intermembrane space through Complex II. 

▪ Complex III (coenzyme Q: cytochrome c-oxidoreductase) comprises 11 subunits. Ubiquinol 

transports electrons from Complex I and II to Complex III, where it donates its electrons to 

two molecules of cytochrome c. At the same time, four protons are released into the 

intermembrane space. 

▪ Complex IV (cytochrome c oxidase), composed of 13 subunits, catalyses the oxidation of 

cytochrome c, whose electrons are transferred to O2, thus reducing it to H2O. Four more 

protons are pumped into the intermembrane space. The result of these ETC reactions is the 

generation of a proton gradient across the IM. This gradient generates both a difference in 

pH (ΔpHm; matrix pH ~ 8 and intermembrane space pH ~ 7) and a mitochondrial membrane 

potential (Δѱm) across the IM, with the matrix being characterised by a negative voltage.  

▪ Complex V (ATP synthase) comprises two distinct functional units, which are connected by 

a central stalk: F0, embedded in the IM, and F1, in the matrix. Complex V exploits the 

electrochemical gradient generated by the accumulation of protons in the intermembrane 

space to convert ADP and inorganic phosphate (Pi) to ATP. In particular, protons flow back 
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into the matrix passing through F0 and cause the rotation of F1, thus modifying its 

conformation and allowing it to bind ADP and Pi for ATP synthesis. Complex V is the only 

reversible complex, therefore it can either synthesise ATP from ADP and Pi or act as an 

ATPase and hydrolyse ATP back to ADP and Pi, based on the cell energy demand.  

 

Figure 1-7 Mitochondrial complexes responsible for oxidative phosphorylation  

In the electron transport chain (Complex I to IV) electrons are transferred across complexes while protons 

are pumped into the intermembrane space, thus generating a proton motive force. As protons flow back 

into the mitochondrial matrix through Complex V, ADP is converted to ATP. CI-V: Complex I-V; Q: 

coenzyme Q; Cyt c: cytochrome c; Pi: inorganic phosphate. 

1.4.2 Reactive oxygen species production 

Mitochondria are the main source of ROS production inside the cell. During OXPHOS, electrons 

may leak from the ETC, especially from Complex I and III, and reduce molecular oxygen to 

superoxide (O2 •-), a highly reactive ROS. O2 •- is normally dismutated to the more stable hydrogen 

peroxide (H2O2) by superoxide dismutase (SOD) enzymes, including manganese-dependent SOD 

(MnSOD or SOD2), in the mitochondrial matrix, and copper-zinc SOD (CuZnSOD or SOD1), in the 

intermembrane space [reviewed in (Kowaltowski et al. 2009)]. O2 •- scavenging is pivotal for cell 

functionality and survival. For instance, MnSOD knockout mice displayed reduced growth rates, 

CNS and cardiac injuries, motor deficits and survived only up to 18 days after birth (Lebovitz et 

al. 1996). CuZnSOD knockout mice were also characterised by decreased growth rates and 

progressive loss of skeletal muscle mass, which was associated with motor deficits compared 

with wild-type animals (Muller et al. 2006). H2O2 can then be transported to the cytoplasm and 

scavenged by cytosolic antioxidant enzymes, including catalase, glutathione peroxidase (GPx), 
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and thioredoxin reductase (TrxR) [reviewed in (Kowaltowski et al. 2009)]. Together with ROS, 

mitochondria also produce reactive nitrogen species (RNS) by reducing nitrite to nitric oxide 

(NO) after electron leakage from Complex III and IV [reviewed in (Gupta and Igamberdiev 2016)]. 

NO can interact with O2 •- and generate peroxynitrite (Radi et al. 2002). 

1.4.3 Intracellular calcium homeostasis 

Intracellular Ca2+ is involved in many essential cellular functions, including cell proliferation, cell 

death, gene transcription and neurotransmitter exocytosis, and its concentration ([Ca2+]i) is 

finely regulated by different systems. Mitochondria contribute to the maintenance of [Ca2+]i 

through the accumulation of Ca2+ within their matrix or its extrusion into the cytoplasm via 

different channels in the mitochondrial membranes (Figure 1-8). 

The driving force for Ca2+ uptake is the Δѱm generated by OXPHOS across the IM. To be able to 

reach the mitochondrial matrix, Ca2+ has to move across both the OM and the IM. The OM is 

highly permeable to Ca2+, thanks to the expression of voltage-dependent anion-selective 

channel proteins (VDACs). Three VDAC isoforms have been identified so far (VDAC1, VDAC2 and 

VDAC3) [reviewed in (Shoshan-Barmatz et al. 2017)] and overexpression of any of the three 

isoforms resulted in increased mitochondrial Ca2+ uptake in HeLa cells (De Stefani et al. 2012). 

An excessive uptake of Ca2+ within the mitochondria triggers the release of pro-apoptotic 

molecules and VDACs are involved in the regulation of these apoptotic signals. For instance, 

silencing of VDAC1 expression in HeLa cells reduced cell apoptosis induced by H2O2 or ceramide. 

VDAC2 silencing had the opposite effect, thus suggesting that VDAC1 has a pro-apoptotic role, 

whereas VDAC2 promotes cell survival (De Stefani et al. 2012). The movement of Ca2+ ions across 

the IM is mediated mainly by the mitochondrial calcium uniporter (MCU). Indeed, 

overexpression of MCU in HeLa cells significantly increased mitochondrial Ca2+ uptake, whereas 

MCU silencing inhibited Ca2+ accumulation within the mitochondria (De Stefani et al. 2011). 

Surprisingly, MCU knockout mice did not display any deficit in basal metabolism, physiological 

function or mitochondrial number/morphology compared with wild-type mice, despite the lack 

of mitochondrial Ca2+ uptake (Pan et al. 2013). However, viability was only maintained in mixed 

genetic backgrounds, as demonstrated by MCU deletion in inbred strains of C57BL/6 mice that 

died at embryonic stages (Murphy et al. 2014). MCU forms the actual pore in the IM but is 

associated with many other proteins that modulate its activity. In fact, the MCU multiprotein 

complex comprises different proteins other than MCU: MCUb, the essential MCU regulator 

(EMRE) and the mitochondrial calcium uniporter regulator 1 (MCUR1) localise across the 

membrane; and the associated regulatory subunits mitochondrial calcium uptake 1, 2 and 3 

proteins (MICU1, MICU2 and MICU3) reside in the intermembrane space [reviewed in (Mishra 
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et al. 2017)]. MCU has a low affinity for Ca2+ and therefore requires high [Ca2+]i to mediate Ca2+ 

uptake. In case of low [Ca2+]i, the leucine zipper and EF-hand containing transmembrane protein 

1 (LEMT1), a Ca2+/H+ antiporter (Jiang et al. 2009), may provide an alternative Ca2+ uptake route 

(Waldeck-Weiermair et al. 2011). 

Ca2+ efflux from the mitochondria is mediated principally by the Na+/Ca2+/Li+ exchanger (NCLX), 

which extrudes Ca2+ in exchange for Na+ or Li+ ions (Palty et al. 2004). NCLX silencing in a cell line 

inhibited Ca2+ efflux and conditional NCLX knockout in mice resulted in rapid animal death, which 

was associated with cardiac dysfunction (Luongo et al. 2017). Another Ca2+ efflux mechanism 

involves the mitochondrial permeability transition pore (mPTP). Different proteins, including 

VDAC, have been suggested as components of the mPTP, but only the role of cyclophilin D 

(CypD) has been confirmed in the opening of mPTP. In pathological conditions, mPTP is involved 

in cell death regulation, as its irreversible opening leads to Δѱm loss, swelling and eventually cell 

death via necrosis [reviewed in (Tsujimoto and Shimizu 2007)]. However, transient opening of 

mPTP has a role in Ca2+ efflux. Indeed, CypD deletion in a mouse model resulted in increased 

heart dysfunction and mortality, which were associated with Ca2+ overload within the 

mitochondrial matrix of cardiomyocytes (Elrod et al. 2010). LEMT1 may also mediate Ca2+ efflux, 

however its exact role still needs to be elucidated after many conflicting results following LEMT1 

silencing in vitro [reviewed in (Giorgi et al. 2018)]. 
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Figure 1-8 Ca2+ channels in the mitochondrial membranes 

The voltage-dependent anion-selective channel proteins (VDACs) on the outer membrane are highly 

permeable to Ca2+. The mitochondrial calcium uniporter (MCU) and the leucine zipper and EF-hand 

containing transmembrane protein 1 (LEMT1), located in the inner membrane, mediate calcium influx 

into the mitochondrial matrix. The Na+/Ca2+/Li+ exchanger (NCLX) in the inner membrane extrudes calcium 

ions whilst simultaneously pumping sodium or lithium ions into the matrix. LEMT1 may also be involved 

in Ca2+ efflux. The mitochondrial permeability transition pore (mPTP), a multiprotein complex that may 

be associated with VDAC, contributes to the extrusion of calcium ions from the mitochondrion.  
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1.4.4 Mitochondrial DNA 

Mitochondria are peculiar organelles, as they contain their own DNA, which is derived from the 

α-proteobacterium engulfed by the ancient eukaryotic cell. Mitochondrial DNA (MtDNA) is 

completely maternally inherited (Giles et al. 1980, Pyle et al. 2015), as paternal MtDNA is 

removed during embryogenesis after ubiquitination of sperm mitochondria (Sutovsky et al. 

1999). MtDNA is a 16.6 kb circular molecule made of two strands, a heavy-strand, rich in 

guanine, and a light-strand, rich in cytosine, and does not contain intronic regions [reviewed in 

(Chinnery and Hudson 2013, Wallace 2013). Unlike genomic DNA, MtDNA is not packaged with 

histones into chromatin, but is still assembled into DNA-protein complexes named nucleoids. 

Nucleoids contain proteins for MtDNA replication and transcription, as well as other proteins 

involved in RNA stability, protein quality control and lipid metabolism [reviewed in (Bogenhagen 

2012)]. MtDNA comprises 37 genes: 

▪ 13 genes encode for OXPHOS proteins: 7 subunits of Complex I; 1 subunit of Complex 

III; 3 subunits of Complex IV; and 2 subunits of Complex V. Therefore, Complex II is the 

only ETC complex that is entirely encoded by nuclear DNA.  

▪ 24 genes encode for RNA products necessary for mitochondrial protein synthesis: 22 

transfer RNA (tRNA) and 2 ribosomal RNA (rRNA) products.  

Nuclear DNA encodes for the rest of the 79-80 subunits of the OXPHOS system and for proteins 

required for their assembly, it regulates MtDNA replication and transcription and mitochondrial 

fusion and fission.  

The number of mitochondria per cell varies depending on the energy demand. For instance, 

erythrocytes do not contain mitochondria at all, while liver and neuronal cells contain over 

thousands. Moreover, the amount of MtDNA within each mitochondrion is variable as well, and 

each organelle can contain 0-10 MtDNA molecules. Consequently, MtDNA copy number can vary 

between 10 and 10 000 per cell [reviewed in (Chinnery and Hudson 2013, Wallace 2013)]. 
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1.4.5 Mitochondrial dysfunction in CIPN  

Mitochondrial dysfunction has been accepted has a major contributor to the development and 

maintenance of CIPN, and evidence supporting this hypothesis has been extensively reviewed 

by Trecarichi and Flatters (2019). Given the multiple roles of mitochondria in maintaining cell 

functionality, their dysfunction can manifest in various forms, including altered mitochondrial 

morphology, bioenergetics and ROS generation.  

1.4.5.1 Morphological changes 

The first evidence of mitochondrial dysfunction in CIPN came from an extensive electron 

microscopy investigation of the saphenous nerves in paclitaxel-treated rats (Flatters and 

Bennett 2006). The authors observed that myelinated and unmyelinated fibres from both 

vehicle- and paclitaxel-treated rats contained normal and atypical (vacuolated for more than 

50% and/or swollen) mitochondria. However, the incidence of atypical organelles was 

significantly increased by paclitaxel treatment. The investigation was conducted at three key 

time points: day 7, 24 hours after the last paclitaxel injection and prior to the development of 

pain-like behaviour (assessed in terms of mechanical hypersensitivity); day 27, when the pain-

like behaviour reached its maximum severity; and day 160, when pain-like behaviour had 

resolved. The paclitaxel-induced increase in the incidence of atypical mitochondria in A- and C-

fibres was observed at day 7 and 27, but not at day 160, thus suggesting a role for atypical 

mitochondria in the development and maintenance of the neuropathy (Flatters and Bennett 

2006). Further studies in rat and mouse models of paclitaxel-induced neuropathy confirmed 

these findings and atypical mitochondria were observed in the DRG (Barrière et al. 2012, 

Krukowski et al. 2015), dorsal root (Xiao et al. 2011), saphenous (Jin et al. 2008, Xiao et al. 2011, 

Janes et al. 2013, Nieto et al. 2014), sciatic (Barrière et al. 2012, Wu et al. 2014, Bobylev et al. 

2015, Krukowski et al. 2015, Chen et al. 2017, Jia et al. 2017) and tibial nerve (Bobylev et al. 

2015). Abnormal mitochondria appeared only in sensory axons. By contrast, myelinated motor 

axons and Schwann cells in the ventral and dorsal root and in the saphenous nerve displayed no 

difference in atypical mitochondria incidence between paclitaxel- and vehicle-treated rats (Xiao 

et al. 2011). Reports of atypical mitochondria were not limited to models of paclitaxel-induced 

neuropathy. Vincristine-treated rats showed significantly more atypical mitochondria in A- and 

C-fibres of the sciatic nerve compared with saline-treated controls 19 days after treatment 

initiation, when animals displayed mechanical and thermal hypersensitivity (Xu et al. 2016). 

Abnormal mitochondria were observed in the saphenous nerve of oxaliplatin-, bortezomib- and 

vehicle-treated rats (Xiao et al. 2012, Zheng et al. 2012). However, at day 35, when 

chemotherapy-treated animals reached the peak of pain-like behaviour severity, the incidence 
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of vacuolated/swollen mitochondria in A- and C-fibres from oxaliplatin- and bortezomib-treated 

animals was significantly increased compared with vehicle-treated controls (Xiao et al. 2012, 

Zheng et al. 2012). As reported for paclitaxel (Xiao et al. 2011), the incidence of abnormal 

mitochondria in Schwann cells was very low and no difference relative to the control group could 

be detected after oxaliplatin (Xiao et al. 2012) or bortezomib treatment (Zheng et al. 2012). Maj 

and colleagues reported similar findings in a cisplatin-induced mouse model. They observed a 

significantly increased incidence of atypical mitochondria, characterised by disorganised cristae 

and membranes, in the DRG and sciatic nerves of cisplatin-treated mice 3 weeks after cisplatin 

administration compared with saline-treated controls (Maj et al. 2017). 

Mitochondrial morphological abnormalities have been observed in a few clinical studies as well. 

Skin punches from the distal leg were collected from seven advanced breast cancer patients 

receiving ixabepilone. The number and structure of mitochondria in Remak Schwann cells was 

assessed to generate the following grading scale: grade 0 = normal; grade 1 = distortion of 

cristae; grade 2 = loss of cristae and homogenous matrix; grade 3 = electron dense matrix and 

distorted OM; and grade 4 = electron dense matrix, vacuolation and fragmentation (Ebenezer 

et al. 2014). Increasing cumulative doses of ixabepilone were associated with a progressive loss 

of mitochondria and an increased incidence of abnormal organelles (grade 3 or 4), coupled with 

a parallel decrease in the incidence of normal mitochondria (grade 0 or 1) (Ebenezer et al. 2014). 

Additionally, swollen and vacuolated mitochondria were visible in the electron micrographs of 

myelinated and unmyelinated axons in the sural nerve of a pancreatic carcinoma patient 

following three cycles of docetaxel (Fazio et al. 1999) and of a lung adenocarcinoma patient after 

17 courses of paclitaxel (Sahenk et al. 1994). 

1.4.5.2 Altered bioenergetics 

Assays of mitochondrial functionality allow to identify specific aspects of mitochondrial function 

that are impaired by chemotherapy regimens. In vitro exposure of immortalised DRG neurons 

to increasing concentration of paclitaxel (0, 1, 5, 10 and 100 µM) for 24 hours resulted in a dose-

dependent reduction in metabolic activity and Δѱm, which was concomitant with a progressive 

increase in mitochondrial volume (McCormick et al. 2016, Galley et al. 2017). By contrast, one 

hour exposure of primary cultures of naïve rat DRG to 10 nM or 10 µM paclitaxel in our lab 

resulted in no change in mitochondrial or glycolytic functionality, nor in ATP or ADP levels 

compared with vehicle-treated controls; this suggested that prolonged in vivo exposure to 

paclitaxel is necessary to observe a metabolic deficit in DRG neurons (Duggett et al. 2017). 

However, it is worth mentioning that the differences in experimental settings between the two 

research groups may be responsible for the contrasting results. Mouse DRG neurons exposed to 
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10 µM cisplatin for 24 hours presented deficits in OXPHOS function as well (Gorgun et al. 2017). 

Additionally, exposure of the neuroblastoma Neuro-2a cell line to 50 µmol oxaliplatin for 24 

hours resulted in loss of Δѱm compared with control cells (Areti et al. 2017a).  

The effects of in vivo exposure to chemotherapy on bioenergetics have also been widely 

investigated. In ex vivo preparations of teased rat sciatic nerves, Complex I and Complex II-

mediated respiration, ATP production and O2 consumption rates were significantly impaired by 

paclitaxel, oxaliplatin and bortezomib compared with the vehicle-treated group (Zheng et al. 

2011, Zheng et al. 2012). Impaired ATP production was also reported in the saphenous nerve of 

rats treated with paclitaxel, oxaliplatin and bortezomib (Janes et al. 2013). Isolated mitochondria 

from the sciatic nerve of oxaliplatin-treated rats displayed a significant reduction in Complex I 

and II, and to a lesser extent, of Complex III and IV activity, in mitochondrial Δѱm and in ATP 

production compared with control animals (Areti et al. 2017a, Areti et al. 2017b, Areti et al. 

2018). Deficits in Complex I, II, III and V activity were also observed in isolated brain 

mitochondria from oxaliplatin-treated rats (Waseem and Parvez 2016). Using the Seahorse XF 

Analyzer (see section 2.4.1), which allows to simultaneously measure OXPHOS and glycolytic 

function in intact cells, our research group investigated mitochondrial function in intact DRG 

neurons from paclitaxel-treated rats prior to (day 7), during (day 24 to 44) and at the resolution 

of pain-like behaviour (day 170-218) (Duggett et al. 2017). At day 7, but not at the peak pain or 

resolution time points, maximal respiration and spare reserve capacity (ability of mitochondria 

to respond to stress) were significantly decreased in DRG neurons from paclitaxel-treated 

animals compared with vehicle-treated controls. Basal glycolysis and glycolytic capacity were 

significantly increased at the peak pain time point in DRG neurons of paclitaxel-treated rats, thus 

suggesting an increased tendency to switch to glycolysis, which may be an adaptive and 

protective response of DRG neurons to avoid producing excessive ROS. Additionally, ATP levels 

at day 7 and peak pain were significantly lower in DRG neurons form paclitaxel-treated rats, 

while ADP levels and the ATP:ADP ratio were unaltered by paclitaxel, thus suggesting that the 

compound does not induce a reversal in Complex V activity (Duggett and Flatters 2017). Another 

research group has employed the Seahorse XF Analyzer to investigate mitochondrial 

functionality following in vivo exposure to cisplatin. Tibial nerves and DRG neurons from 

cisplatin-treated mice displayed a significant reduction in basal respiration, ATP turnover-linked 

respiration, maximal respiration capacity (Krukowski et al. 2017, Maj et al. 2017) and spare 

reserve capacity (Maj et al. 2017) compared with saline-treated controls. Additionally, the 

authors reported a cisplatin-induced deficit in Δѱm in DRG neurons (Maj et al. 2017). However, 

a different study from the same investigators only reported a cisplatin-induced deficit in 
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maximal respiration capacity in DRG neurons, whilst other OXPHOS parameters remained 

unaffected (Krukowski et al. 2017). 

1.4.5.3 Uncontrolled oxidative stress  

An extensive body of evidence is present in the literature about chemotherapy-induced 

uncontrolled ROS generation, both after in vitro and in vivo exposure to chemotherapy. Most 

investigations on CIPN-related oxidative stress have focused on paclitaxel. Several studies have 

demonstrated a significant paclitaxel-induced increase in ROS/RNS generation, measured as 

production of H2O2, peroxynitrite, NO, 8-isoprostane F2α (end product of the peroxidation of 

arachidonic acid) or malondialdehyde (end product of lipid peroxidation) in plasma (Ishii et al. 

2018), isolated DRG mitochondria (Barrière et al. 2012), sciatic (Galley et al. 2017) and 

saphenous nerve (Galley et al. 2017), compared with control animals. Additionally, paclitaxel 

inhibited MnSOD activity, but stimulated the activation of nitric oxide synthase (NOS) and of 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase in the spinal cord, which would 

translate into increased production on NO and O2 •-, respectively. (Doyle et al. 2012). Our group 

measured ROS levels in the DRG and spinal cord in situ during the time course of paclitaxel-

induced neuropathy (Duggett et al. 2016). Paclitaxel significantly increased ROS levels in IB4+ 

DRG and spinal cord neurons prior to the development of paclitaxel-induced pain-like behaviour 

and, to a lesser extent, at the peak of pain severity. Moreover, at the peak of pain severity, 

MnSOD, CuZnSOD and GPx activities were increased in the DRG and saphenous nerves of 

paclitaxel-treated animals compared with vehicle-treated controls (Duggett et al. 2016). By 

contrast, there was no difference in antioxidant activity prior to the development of pain-like 

behaviour, with the exception of paclitaxel-increased CuZnSOD activity, thus suggesting that the 

endogenous antioxidant response was insufficient and led to excessive ROS accumulation. 

Chronic oxaliplatin administration was responsible for an increased incidence of ROS and RNS in 

the DRG (Toyama et al. 2014, Areti et al. 2017a, Areti et al. 2017b) and sciatic nerve (Areti et al. 

2017a, Areti et al. 2017b, Areti et al. 2018) compared with vehicle-treated animals. At the same 

time, the activity of antioxidant enzymes was inhibited by oxaliplatin: in oxaliplatin-treated 

animals, MnSOD activity was decreased in the DRG (Areti et al. 2017a, Areti et al. 2017b, Areti 

et al. 2018), sciatic (Areti et al. 2017a, Areti et al. 2017b, Areti et al. 2018) and saphenous nerve 

(Janes et al. 2013), while GSH activity was significantly decreased in isolated brain mitochondria 

(Waseem et al. 2016). Oxidative stress was also evaluated in terms of lipid, protein and DNA 

oxidation, whose levels were increased in the plasma, sciatic nerve and spinal cord (Di Cesare 

Mannelli et al. 2012) and brain mitochondria (Waseem et al. 2016) of oxaliplatin-treated rats. In 

a bortezomib-induced neuropathy rat model, MnSOD activity in the saphenous nerve was 

significantly inhibited at the peak of bortezomib-induced mechanical hypersensitivity (Janes et 
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al. 2013). In addition, vincristine stimulated NADPH oxidase activity in the spinal dorsal horn, 

which would then lead to increased ROS production (Xu et al. 2016).  

1.4.5.4 Pharmacological modulation of mitochondria in CIPN  

Over the years, several compounds that affect one or more aspects of mitochondrial 

functionality have been tested in vivo for their potential prophylactic or analgesic effects in CIPN 

[reviewed in (Trecarichi and Flatters 2019)]. Compounds can be broadly classified in three 

categories and are summarised in Table 1-5: 

▪ Known mitochondrial modulators, which selectively modulate ETC complexes. 

▪ ROS scavengers and antioxidant compounds. 

▪ Other compounds that ameliorate mitotoxicity via mechanisms non-related to the ETC or 

ROS production. 

Each complex of the ETC can be specifically inhibited by a selective inhibitor. In particular, 

rotenone inhibits Complex I, 3-Acetylphenyl N-(P-Tolyl) carbamate (3-NP) inhibits Complex II, 

antimycin A inhibits Complex III, sodium cyanide inhibits Complex IV and oligomycin inhibits 

Complex V. A single injection of any of these inhibitors was able to produce a moderate 

reduction in vincristine-induced mechanical hyperalgesia, particularly within the first 30 minutes 

post-administration (Joseph and Levine 2006). In our lab, a single injection of rotenone 

attenuated established paclitaxel-induced mechanical hypersensitivity, although it caused 

deficits in the normal motor function (Griffiths and Flatters 2015). In the same animal model, 

antimycin A was able to reverse established pain-like behaviour and to inhibit its development 

when administered prophylactically (Griffiths and Flatters 2015). However, contrary to these 

findings of anti-nociceptive effect of ETC complexes inhibitors, Xiao and Bennett reported that 

both rotenone and oligomycin significantly exacerbated the mechano-allodynia and 

hyperalgesia induced by paclitaxel and oxaliplatin regimens (Xiao and Bennett 2012).  

The efficacy of many ROS scavenging and antioxidant compounds has confirmed the hypothesis 

that ROS play an important role in the development and maintenance of CIPN. Phenyl N-tert-

butylnitrone (PBN), a non-specific ROS scavenger, was able to prevent the development and to 

reverse established mechanical hypersensitivity and cold allodynia in paclitaxel-treated rats 

(Kim et al. 2010, Fidanboylu et al. 2011, Jia et al. 2017). A single bolus of 4-Hydroxy-2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPOL), a SOD-2 mimetic, alleviated paclitaxel-induced 

mechanical hypersensitivity in a dose-dependent manner, whereas a week-long TEMPOL 

prophylactic treatment was able to prevent its development (Kim et al. 2017). However, our 

group observed that TEMPOL had an ameliorating effect on established paclitaxel-induced 
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nociceptive behaviour only at high dose (250 mg/kg), which was not well-tolerated by the 

animals (Fidanboylu et al. 2011). Peroxynitrite decomposition catalysts (FeTMPyP5+, MnTE-2-

PyP5+, SRI6 and SRI110), which convert peroxynitrite to nitrate, alleviated established paclitaxel-

induced mechanical hypersensitivity (Doyle et al. 2012) and prevented the development of 

mechanical allodynia and hyperalgesia following paclitaxel (Doyle et al. 2012, Janes et al. 2013), 

oxaliplatin and bortezomib administration (Janes et al. 2013). Concomitant administration of 

mitochondria-targeted antioxidants like SS-31 and SS-20 during an oxaliplatin regimen alleviated 

oxaliplatin-induced mechanical and cold hypersensitivities (Toyama et al. 2014, Toyama et al. 

2018). Acutely, only SS-31 was able to ameliorate established cold hypersensitivity (Toyama et 

al. 2014). MitoVitE and melatonin can accumulate within mitochondria and act as antioxidants, 

and their administration in a prophylactic paradigm limited the development of paclitaxel- 

(McCormick et al. 2016, Galley et al. 2017) and oxaliplatin-induced cold, mechanical and hot 

hypersensitivities (Waseem and Parvez 2016, Areti et al. 2017a). Carvedilol, a non-selective 

beta-adrenergic receptor blocker, and rosmarinic acid, a natural phenol, alleviated cold and 

mechanical hypersensitivity in oxaliplatin-treated rats (Areti et al. 2017b, Areti et al. 2018). 

Prophylactic administration of alpha-tocopherol, a form of vitamin E, and silibinin, a natural 

flavonoid, alleviated mechanical and cold hypersensitivity to oxaliplatin (Di Cesare Mannelli et 

al. 2012). Lastly, prophylactic administration of acetyl-L-carnitine (ALC) completely prevented 

the development of paclitaxel- (Ghirardi et al. 2005b, Flatters et al. 2006, Jin et al. 2008, Zheng 

et al. 2011), oxaliplatin- (Ghirardi et al. 2005a, Zheng et al. 2011), cisplatin- (Ghirardi et al. 

2005b), vincristine- (Ghirardi et al. 2005b) and bortezomib-induced mechanical hypersensitivity 

(Zheng et al. 2012). ALC administration after the establishment of pain-like behaviour 

attenuated, and in some cases reversed, mechanical hypersensitivity following paclitaxel 

(Ghirardi et al. 2005a, Ghirardi et al. 2005b, Flatters et al. 2006), cisplatin (Ghirardi et al. 2005b) 

and vincristine (Ghirardi et al. 2005b) treatments, but its analgesic effect was lost after 

treatment discontinuation (Flatters et al. 2006). Nevertheless, a 24-week randomised double-

blind clinical trial in breast cancer patients undergoing a paclitaxel- or docetaxel-based adjuvant 

treatment failed to demonstrate a beneficial effect of ALC on neuropathy scores (Hershman et 

al. 2013). In fact, ALC treatment was associated with worsened neuropathy scores by the end of 

the treatment (Hershman et al. 2013). For these reasons, the ASCO guidelines (see section 1.2.2) 

recommend avoiding the use of ALC for the prevention of CIPN (Hershman et al. 2014).  

Like ALC, other antioxidant compounds, like vitamin E and glutathione, did not produce 

consistent/conclusive results in clinical trials against placebo controls (Hershman et al. 2014); 

therefore, the clinical significance of ROS scavengers/antioxidant compounds in CIPN treatment 

and prevention still needs to be validated. 
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Several other compounds have shown efficacy in alleviating or preventing nociceptive 

behaviours and mitochondrial dysfunction in preclinical models of paclitaxel-, vincristine-, 

oxaliplatin- and cisplatin-induced peripheral neuropathy [reviewed in (Trecarichi and Flatters 

2019)]. The variety in their mechanism of action is summarised in Table 1-5. A few of these novel 

compounds have been selected for clinical trials, following promising preclinical results. For 

instance, prophylactic administration of nicotinamide riboside, a form of vitamin B3 and NAD 

precursor, prevented the development of paclitaxel-induced tactile hypersensitivity in rats (M. 

V. Hamity et al. 2017). Patients are currently being recruited for two Phase II clinical trials 

assessing nicotinamide riboside analgesic potential (NCT04112641) and its prophylactic efficacy 

(NCT03642990) in CIPN. Selective antagonism of the sigma-1 receptor (σ1R), which is involved 

in Ca2+ homeostasis at the mitochondrion-associated endoplasmic reticulum membrane 

(Hayashi and Su 2007), prevented the development of paclitaxel-induced cold and mechanical 

allodynia (Nieto et al. 2012, Nieto et al. 2014). A novel σ1R antagonist, MR309, has been recently 

investigated in a Phase II, randomised, double-blind, placebo-controlled clinical trial for its 

concomitant administration with oxaliplatin in chemotherapy-naïve CRC patients (Bruna et al. 

2018). MR309 reduced symptoms of acute OIPN and significantly reduced the incidence of grade 

3 neuropathy after cumulative doses of oxaliplatin (Bruna et al. 2018), thus suggesting its 

potential efficacy in preventing and treating OIPN. However, further studies are required to 

confirm these findings. Lastly, ACY-1215, a histone deacetylase 6 (HDAC6) inhibitor, reversed 

established cisplatin-induced mechanical allodynia in mice (Krukowski et al. 2017) and is 

currently being evaluated in a Phase I clinical trial in combination with Nab-paclitaxel in 

metastatic breast cancer patients (NCT02632071). 
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Table 1-5 List of pharmacological modulators that alleviated or prevented CIPN in vivo 

Compound 
Mechanism of 
action 

Treatment paradigm Behavioural effects Reference 

Known mitochondrial modulators 

Rotenone 
Inhibition of 
Complex I 

Single intraplantar 
administration  

Mechanical threshold 
in vincristine-induced 
hyperalgesia model 

(Joseph and Levine 
2006) 

Rotenone 
Inhibition of 
Complex I 

Single bolus 
 

Paclitaxel- and 
oxaliplatin-induced 
mechanical 
hypersensitivity 

(Xiao and Bennett 
2012) 

Rotenone 
Inhibition of 
Complex I 

Single bolus 
 

Paclitaxel-induced 
mechanical 
hypersensitivity  

(Griffiths and 
Flatters 2015) 

3-Acetylphenyl N- 
(P-Tolyl) 
carbamate (3-NP) 

Inhibition of 
Complex II 

Single intraplantar 
administration  

Mechanical threshold 
in vincristine-induced 
hyperalgesia model 

(Joseph and Levine 
2006) 

Antimycin A 
Inhibition of 
Complex III 

Single intraplantar 
administration  

Mechanical threshold 
in vincristine-induced 
hyperalgesia model 

(Joseph and Levine 
2006) 

Antimycin A 
Inhibition of 
Complex III 

Single 
bolus/Prophylactic  

Paclitaxel-induced 
mechanical 
hypersensitivity 

(Griffiths and 
Flatters 2015) 

Sodium Cyanide  
Inhibition of 
Complex IV 

Single intraplantar 
administration  

Mechanical threshold 
in vincristine-induced 
hyperalgesia model 

(Joseph and Levine 
2006) 

Oligomycin 
Inhibition of 
Complex V 

Single intraplantar 
administration  

Mechanical threshold 
in vincristine-induced 
hyperalgesia model 

(Joseph and Levine 
2006) 

Oligomycin 
Inhibition of 
Complex V 

Single bolus 
 

Paclitaxel- and 
oxaliplatin-induced 
mechanical 
hypersensitivity 

(Xiao and Bennett 
2012) 

ROS scavengers/antioxidant compounds 

Auranofin 
Inhibitor of 
mitochondrial TrxR 

Single bolus 
 

Paclitaxel- and 
oxaliplatin-induced 
mechanical 
hypersensitivity 

(Xiao and Bennett 
2012) 

Phenyl N-tert-
butylnitrone (PBN) 

Non-specific ROS 
scavenger 

Repeated 
administration/Single 
bolus/Prophylactic  

Paclitaxel-induced 
mechanical 
hypersensitivity 

(Kim et al. 2010, 
Fidanboylu et al. 
2011, Jia et al. 
2017) 

4-hydroxy-2,2,6,6-
tetramethylpiperid
ine-1-oxyl 
(TEMPOL) 

Superoxide 
dismutase mimetic 

Single bolus/Repeated 
administration  

Paclitaxel-induced 
mechanical 
hypersensitivity  

(Fidanboylu et al. 
2011, Kim et al. 
2017) 
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FeTMPyP5+ 
Peroxynitrite 
decomposition 
catalyst 

Single 
bolus/Prophylactic  

Paclitaxel-induced 
mechano-hyperalgesia 
and mechano-allodynia 

(Doyle et al. 2012) 

MnTE-2-PyP5+ 
Peroxynitrite 
decomposition 
catalyst 

Single 
bolus/Prophylactic  

Paclitaxel-induced 
mechano-hyperalgesia 
and mechano-allodynia 

(Doyle et al. 2012) 

MnTE-2-PyP5+ 
Peroxynitrite 
decomposition 
catalyst 

Prophylactic 
 

Paclitaxel-, oxaliplatin- 
and bortezomib-
induced mechano-
hyperalgesia and 
mechano-allodynia 

(Janes et al. 2013) 

SRI110 

Superoxide-
sparing 
peroxynitrite 
decomposition 
catalyst  

Prophylactic 
 

Paclitaxel-induced 
mechano-hyperalgesia 
and mechano-allodynia 

(Doyle et al. 2012) 

SRI6 

Superoxide-
sparing 
peroxynitrite 
decomposition 
catalyst 

Prophylactic 
 

Paclitaxel-induced 
mechano-hyperalgesia 
and mechano-allodynia 

(Doyle et al. 2012) 

SS-31 
Mitochondria-
targeted 
antioxidant 

Prophylactic/Single 
bolus  

Oxaliplatin-induced 
cold and mechanical 
hypersensitivity  

(Toyama et al. 
2014) 

SS-20 
Analogue of SS-31 
but no ROS 
scavenging-active 

Prophylactic  
 

Oxaliplatin-induced 
cold and mechanical 
hypersensitivity 

(Toyama et al. 
2018) 

MitoVitE 
Mitochondria-
targeted 
antioxidant 

Prophylactic 
 

Oxaliplatin-induced 
mechanical 
hypersensitivity 

(McCormick et al. 
2016) 

Melatonin 
Antioxidant 
properties 

Prophylactic 
 

Paclitaxel-induced cold 
and mechanical 
hypersensitivity  

(Galley et al. 2017)  

Melatonin  
Antioxidant 
properties 

Prophylactic 
 

Oxaliplatin-induced 
mechanical and cold 
hypersensitivity and 
thermal hyperalgesia 

(Waseem and 
Parvez 2016, Areti 
et al. 2017a) 

Carvedilol  
Antioxidant 
properties 

Not described 
 

Oxaliplatin-induced 
cold and mechanical 
hypersensitivity 

(Areti et al. 2017b) 

Rosmarinic acid 
Antioxidant 
properties 

Not described 
 

Oxaliplatin-induced 
cold and mechanical 
hypersensitivity  

(Areti et al. 2018) 

Alpha-tocopherol 
Antioxidant 
properties 

Prophylactic 
 

Oxaliplatin-induced 
mechanical and 
thermal 
hypersensitivity 

(Di Cesare Mannelli 
et al. 2012) 

Silibinin  
Antioxidant 
properties 

Prophylactic 
 

Oxaliplatin-induced 
mechanical and 

(Di Cesare Mannelli 
et al. 2012) 
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thermal 
hypersensitivity 

Acetyl-L-carnitine 
(ALC) 

Free fatty acids 
oxidation and ROS 
scavenger 

Prophylactic/ 
Repeated 
administration  

Paclitaxel-, oxaliplatin-, 
cisplatin-, and 
vincristine-induced 
mechanical 
hypersensitivity 

(Pisano et al. 2003, 
Ghirardi et al. 
2005a, Ghirardi et 
al. 2005b, Flatters 
et al. 2006, Jin et 
al. 2008, Zheng et 
al. 2011, Zheng et 
al. 2012) 

Other compounds 

Cholest-4-en-3-
one,oxime 
(Olesoxime) 

Binding to 
mitochondrial 
permeability 
transition pore 

Repeated 
administration/ 
Prophylactic  

Paclitaxel- and 
vincristine-induced 
mechanical 
hypersensitivity 

(Bordet et al. 2008, 
Xiao et al. 2009) 

Dynamin-related 
protein 1 (Drp1) 

Catalyst of 
mitochondrial 
fission  

Single bolus 
 

Oxaliplatin-induced 
mechanical 
hyperalgesia 

(Ferrari et al. 2011) 

Pifithrin-µ (PFT-µ) 
Inhibition of p53 
mitochondrial 
accumulation  

Prophylactic 
 

Inhibition of paclitaxel- 
and cisplatin-induced 
mechanical allodynia 

(Krukowski et al. 
2015, Maj et al. 
2017) 

P7C3-A20  NAMPT stimulator Prophylactic 
 

Paclitaxel-induced 
mechanical allodynia, 
heat hypoalgesia and 
cold allodynia 

(LoCoco et al. 
2017) 

Nicotinamide 
riboside 

NAD+ precursor Prophylactic 
 

Paclitaxel-induced 
tactile hypersensitivity 

(Hamity et al. 2017) 

Methylcobalamin 
(MeCbl) 

Not known Prophylactic 
 

Vincristine-induced 
mechanical allodynia 
and thermal 
hyperalgesia 
development 

(Xu et al. 2016) 

BD-1063 
Selective 
antagonism of 
sigma-1 receptor 

Prophylactic/Single 
bolus  

Paclitaxel-induced cold 
and mechanical 
allodynia 

(Nieto et al. 2012, 
Nieto et al. 2014) 

S1RA 
Selective 
antagonism of 
sigma-1 receptor 

Prophylactic/Single 
bolus  

Paclitaxel-induced cold 
and mechanical 
allodynia 

(Nieto et al. 2012) 

5-
hydroxydecanoate 
(5-HD) 

Mitochondrial 

ATP-sensitive K+ 

channel antagonist 

Prophylactic 
 

Paclitaxel-induced 
thermal insensitivity 
and mechanical 
allodynia 

(Chen et al. 2015) 

Minoxidil Not known Prophylactic 
 

Paclitaxel-induced 
thermal insensitivity 
and mechanical 
allodynia 

(Chen et al. 2017) 

Ghrelin  Not known Prophylactic 
 

Cisplatin-induced 
mechanical 
hyperalgesia 

(Garcia et al. 2008) 
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Ghrelin  Not known Prophylactic 
 

Paclitaxel-induced 
mechanical and 
thermal 
hypersensitivity 

(Ishii et al. 2018) 

Pirenzepine 

Selective 
muscarinic 
acetylcholine type 
1 receptor (M1R) 
antagonist 

Repeated 
administration  

DCA- and paclitaxel-
induced mechano-
allodynia and thermal 
hyperalgesia  

 
(Calcutt et al. 2017) 

ACY-1083 
Selective histone 
deacetylase 6 
(HDAC6) inhibitor  

Repeated 
administration/ 
Prophylactic  

Cisplatin-induced 
mechanical allodynia 
and spontaneous pain’-
like behaviour 

(Krukowski et al. 
2017) 

ACY-1083 
Selective HDAC6 
inhibitor 

Repeated 
administration  

Paclitaxel-induced 
mechanical 
hypersensitivity 

(Krukowski et al. 
2017) 

ACY-1215 
Selective HDAC6 
inhibitor 

Repeated 
administration  

Cisplatin-induced 
mechanical allodynia 

(Krukowski et al. 
2017) 

ACY-738 
Selective HDAC6 
inhibitor 

Prophylactic 
 

Vincristine-induced 
mechanical 
hypersensitivity 

(Van Helleputte et 
al. 2018) 

Tubastatin A 
Selective HDAC6 
inhibitor 

Prophylactic 
 

Vincristine-induced 
mechanical 
hypersensitivity 

(Van Helleputte et 
al. 2018) 

Evodiamine Multiple actions Single bolus 
 

Paclitaxel-induced 
mechanical and 
thermal 
hypersensitivity 

(Wu and Chen 
2019) 

Pioglitazone 

Peroxisome 
proliferator-
activated receptor 
(PPAR)-γ agonist 

Prophylactic/Single 
bolus  

Cisplatin-induced 
mechanical and cold 
hyperalgesia 

(Khasabova et al. 
2019) 

Single bolus refers to systemic administration. Adapted from (Trecarichi and Flatters 2019). 
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1.5 Aims 

The two main aims of this thesis were to investigate a potential blood biomarker for OIPN and 

to gather a deeper understanding of the mechanisms involved in the neuropathy. Using various 

techniques, including electrophysiology, mitochondrial stress assays, western blot and 

quantitative PCR, we investigated the hypothesis that altered mitochondrial function and nerve 

conduction are pivotal factors in the development and maintenance of OIPN. 

Chapter 3 investigates the feasibility of MtDNA content in the whole blood as predictive 

biomarker for OIPN in colorectal cancer patients.  

In chapter 4, we aim to characterise a chronic rat model of OIPN in terms of mechanical and cold 

sensitivity, ongoing pain and numbness. 

In chapter 5, we test the hypothesis that oxaliplatin affects the electrical properties of sensory 

nerves through the characterisation of various electrophysiological characteristics of the 

saphenous nerve. 

Lastly, chapter 6 investigates the hypothesis that oxaliplatin determines a bioenergetic 

dysfunction in neuronal mitochondria and alters their ability to regulate the intracellular Ca2+ 

homeostasis. 
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 Materials and methods 

2.1 Clinical investigation 

2.1.1 Patient selection  

57 colorectal cancer (CRC) patients about to start an oxaliplatin regimen were recruited by our 

collaborators at the Royal Marsden Hospital, London. Patients were a mix of males and females 

diagnosed with CRC and the exclusion criteria was metastatic cases. All participants provided 

written informed consent prior to enrolment in the study. Approval for the study was obtained 

by the London - Riverside Research Ethics Committee (REC reference 15/LO/0174). 

2.1.2 Blood samples collection 

3-5 ml of blood were harvested from each patient and collected in BD Vacutainer Blood 

Collection tubes containing K2-EDTA (ethylenediaminetetraacetic acid) as an anticoagulant. 

Tubes were labelled with a unique, patient-specific code to ensure anonymity. To prevent 

degradation, blood samples were immediately divided in 200 μl aliquots and frozen at -80°C 

upon arrival from the clinic. Blood samples storage and records keeping complied with the 

Human Tissue Act 2004 regulations. Patient blood was collected at different time points, as 

outlined in Figure 2-1: T0 – prior to initiation of the oxaliplatin regimen; T1 - after completion of 

the first cycle of chemotherapy and prior to the administration of the second one; T2 – 

approximately 3 months after chemotherapy initiation. When a dose reduction was required 

due to neuropathy, blood was harvested after the last infusion cycle; T3 – approximately 6 

months after chemotherapy initiation. When a dose reduction was required due to neuropathy, 

blood was harvested after the last infusion cycle; T4 – approximately 3 months after completion 

of the oxaliplatin regimen, to help identify patients with coasting. At each time point, patients 

were asked to complete a self-report questionnaire to identify the presence of the neuropathy: 

they completed the Functional Assessment of Cancer Therapy/Gynecologic Oncology Group–

Neurotoxicity (Fact/GOG-Ntx), a comprehensive questionnaire that assesses quality of life in 

oncology patients implemented with questions about chemotherapy-induced peripheral 

neuropathy (CIPN) symptoms and their impact on life. Neuropathy was classified as painful or 

non-painful with the Brief Pain Inventory (BPI) and the McGill Pain Questionnaire (MPQ), which 

provide scores and scales to evaluate the nature and intensity of pain.  
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Figure 2-1 Flowchart of blood samples collection from CRC patients undergoing oxaliplatin treatment 

Blood was collected from patients before the initiation of the oxaliplatin treatment, at various time points 

during it and, where possible, after treatment cessation. At each time point, patients were asked to 

complete self-report questionnaires to describe the state of the neuropathy and pain. 

2.1.3 DNA extraction 

DNA was extracted from whole blood samples as described in (Ajaz et al. 2015) using silica-based 

columns, following the manufacturer’s protocol (DNeasy Blood & Tissue Kit; Qiagen, UK). 

Samples were used either fresh (immediately after samples reception/aliquoting) or after being 

stored at -80°C. Frozen blood was allowed time to thaw in ice before use. Maximum DNA yield 

was obtained using a starting volume of 100 μl of blood. 20 μl of proteinase K, 100 μl of 

phosphate buffered saline (PBS) and 200 μl of lysis buffer were added to the blood. Samples 

were mixed thoroughly by vortexing and incubated at 56°C for 10 minutes, to allow lysis. 

Following the lysis step, 200 μl of ethanol (95-99.9%; Sigma, UK) were added to each sample and 

vortexed thoroughly. The solution was then transferred to a DNeasy Mini spin column in a 2 ml 

collection tube and samples were centrifuged at 8 000 rpm for 1 minute. The spin column was 

placed into a new 2 ml collection tube and 500 μl of buffer AW1 were added to wash the 

membrane inside the column. Samples were centrifuged at 8 000 rpm for 1 minute, collection 

tubes were discarded, and spin columns placed into new 2 ml collection tubes. 500 μl of buffer 

AW2 were added and columns were centrifuged at 14 000 rpm for 3 minutes. To elute DNA, spin 

columns were transferred to sterile tubes and 50 μl of elution buffer were added to the column 

membrane. Columns were incubated at room temperature for 1 minute and centrifuged at 

8 000 rpm for 1 minute. To increase DNA yield, the eluted 50 μl were re-added to the column 

membrane to repeat the elution step once more. Eluted DNA was sonicated for 10 minutes using 

a water bath sonicator (Ultrawave, UK). DNA quantity and quality were assessed using a 
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NanoDrop ND-1000 spectrophotometer (ThermoFisher, UK). Final DNA concentrations were 

adjusted to 10 ng/μl using nuclease-free water (Qiagen, UK). 

2.1.4 Mitochondrial DNA quantification 

Real-time quantitative polymerase chain reaction (qPCR) was used to measure MtDNA content 

in DNA isolated from patient samples. Primers for the mitochondrial genome, which do not amplify 

nuclear pseudogenes, were used to quantify a unique mitochondrial fragment (hMito) relative 

to a single-copy region of the housekeeping gene β-2-microglobulin (hB2M) (Malik et al. 2011). 

The oligonucleotide sequences (Sigma, UK) for MtDNA and nuclear DNA (nDNA) are shown in 

Table 2-1. 

Table 2-1 Oligonucleotide sequences for Mt/nDNA determination using real-time qPCR 

Primer name Sequence (5’→ 3’) Amplicon length (bp) 

hMito Forward CACTTTCCACACAGACATCA 
129 

hMito Reverse TGGTTAGGCTGGTGTTAGGG 

hB2M Forward TGTTCCTGCTGGGTAGCTCT 
187  

hB2M Reverse CCTCCATGATGCTGCTTACA 

 

2.1.4.1 DNA standards preparation 

Absolute qPCR was used to measure Mt/nDNA content in whole blood relatively to a standard 

curve for hMito and hB2M products, as previously described (Ajaz et al. 2015). To generate a 

standard curve, the hMito and hB2M PCR products were amplified using DNA isolated from 

blood samples from healthy donors. The PCR master mix was prepared with 5 μl of Green GoTaq 

Reaction Buffer (5x stock; Promega, UK), 1.5 μl of MgCl2 (25 mM stock; Promega, UK), 0.5 μl of 

deoxyribonucleotide triphosphates (dNTPs; 10 mM stock; Promega, UK), 0.3 μl of GoTaq 

Polymerase (5 units/μl; Promega, UK), 0.5 μl of each forward and reverse primer (10 μM; Sigma, 

UK) and 15.7 μl of RNase-free water (Qiagen, UK). The final reaction volume of 25 μl was 

obtained by adding 1 μl of DNA template (10 ng/μl stock). PCR was performed using a Thermal 

Cycler (Applied Biosystems, Thermofisher, UK) with the following protocol: hot start at 95°C for 

15 min; 30 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s and extension at 

72°C for 1 min and 30 s; and a final extension at 72°C for 7 min. To verify the success of the PCR, 

PCR products were separated by electrophoresis on a 1.5% (w/v) agarose (Sigma, UK) gel, 

alongside a DNA ladder (Promega, UK), as a reference for base pair sizes. hMito and hB2M bands 

were visualised under UV light and excised from the gel with a gel extraction tool (x-tracta Gel 

Extraction Tool; Starlab, UK) to be purified with the QIAquick Gel Extraction Kit (Qiagen,UK), as 

per manufacturer’s instructions. Excised bands were weighed and 3 volumes of Buffer QG were 

added per 1 volume of gel, according to its weight (e.g. 100 mg of gels = approximately 300 μl 
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of buffer). Bands were left to dissolve at 50°C for 10 minutes, with the help of regular vortexing 

every 2-3 minutes. If needed, the solution pH was adjusted to 7.5 with 10 μl of 3 M sodium 

acetate, pH 5, to yield a yellow colour (rather than orange or violet, indicative of a higher pH).  

1 gel volume of isopropanol (Sigma, UK) was added to the mix and the solution was transferred 

to a QIAquick spin column placed inside a 2 ml collection tube. Columns were centrifuged at 

13 000 rpm for 1 minute and the flow-through was discarded. Columns were washed with  

750 μl of Buffer PE and centrifuged again at 13 000 rpm for 1 minute. The flow-through was 

discarded and samples were centrifuged once more at 13 000 rpm for 1 minute. Columns were 

placed into clean 1.5 ml centrifuge tubes and DNA was eluted in 30 μl of buffer EB after a  

2-minute incubation step at room temperature and a final centrifugation at 13 000 rpm for  

1 minute. DNA was quantified using a NanoDrop ND-1000 (ThermoFisher, UK) and copy number 

per µl of purified DNA was calculated as: 

𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐩𝐮𝐫𝐢𝐟𝐢𝐞𝐝 𝐃𝐍𝐀 𝐢𝐧
𝐠
𝛍𝐥

𝐀𝐦𝐩𝐥𝐢𝐜𝐨𝐧 𝐥𝐞𝐧𝐠𝐭𝐡 𝐢𝐧 𝐛𝐚𝐬𝐞𝐩𝐚𝐢𝐫𝐬 × 𝟔𝟔𝟎
× 𝟔. 𝟎𝟐𝟐 × 𝟏𝟎𝟐𝟑 

where amplicon length is: hB2M 187 bp; hMito129 bp. 

DNA was diluted in nuclease-free water (Qiagen, UK) containing 10 μg/ml transfer RNA 

(Invitrogen, UK) to yield a 1010 molecules/µl standard. Serial dilutions were performed to obtain 

eight DNA standards within a range of 108-102 molecules/µl to generate a standard curve for 

absolute quantification.  

2.1.4.2 Real-time qPCR 

All reagents required for qPCR were allowed time to thaw in ice. A qPCR reaction mix was 

prepared using 5 μl of QuantiFast SYBR Green PCR master mix (2x stock; Qiagen, UK), 0.3 μl of 

each forward and reverse primer (10 μM; Sigma, UK) and 2.4 μl nuclease-free water (Qiagen, 

UK), for a total volume of 8 μl reaction mix per DNA sample. The reaction mix was loaded in a 

384-well plate (Roche, UK) and 2 μl of sample DNA (10 ng/μl stock) or DNA standards were 

added. Sample DNA and reference DNA standards (108-102 molecules/µl range) were loaded in 

triplicate in a single plate. Three different negative controls were loaded in the plate: a no-

template control containing all reagents except for DNA, to check for the presence of primer 

dimers; a reaction mix containing all reagents except for primers, to verify the absence of 

contamination within the SYBR Green PCR master mix; and nuclease-free water (same water 

used to prepare the reaction mix), to verify the absence of contamination in it. All negative 

controls were loaded in triplicate in a single plate as well. Once plates had been loaded, they 

were sealed with an adhesive sealing foil (Roche, UK) followed by a 1-minute centrifugation at 

1 000 rpm to ensure all reagents were at the bottom of the wells. Real-time qPCR was performed 
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using the LightCycler 480 (Roche, Switzerland) with the following conditions: preincubation at 

95°C for 5 min (1 cycle); denaturation at 95°C for 10 s, annealing and extension at 60°C for 30 s 

(repeat denaturation and extension steps for 40 cycles); melting at 95°C for 5 s, 65°C for 60 s, 

and 95°C continues (melt curve analysis, 1 cycle); and lastly, cooling at 40°C for 30 s. To ensure 

technical reproducibility, qPCR reactions were prepared fresh and run on three independent 

occasions (i.e. three separate days). Data analysis was performed using the LightCycler 480 

software 1.5.1 (Roche, UK). Ct values (cycle threshold) for mitochondrial and nuclear genome 

were interpolated to their respective standard curves, in order to obtain copy numbers for 

MtDNA and nDNA. As plating was done in triplicate, the three copy numbers for each DNA 

sample were averaged to provide a final copy number value. MtDNA levels were then measured 

as MtDNA/nDNA ratio in each plate. The final MtDNA/nDNA ratio was obtained by averaging 

the three ratios obtained from the three independent technical replicates.  

2.2 Oxaliplatin-induced peripheral neuropathy animal model 

2.2.1 Animals 

Adult male Sprague-Dawley rats with an average starting weight of 180-220 g (Envigo, UK and 

Netherlands colonies) were housed in groups of 3-4 in plastic cages held in a climate-controlled 

environment with a 12-hour light/dark cycle. Cages were lined with sawdust bedding and 

environmental enrichment materials and animals had access to food and water ad libitum. All 

procedures were conducted in compliance with the UK Animals (Scientific Procedures) Act, 1986 

and the IASP ethical guidelines (Zimmermann 1983). The procedures were approved by the 

Ethical Review Panel of King’s College London and conducted under project licenses 70/8015, 

PABEF3413 and PBA346803. 

2.2.2 Chemotherapy administration  

Clinical formulation of oxaliplatin 5 mg/ml concentrate for Solution for Infusion (Accord 

Healthcare Ltd) was provided by Guy’s Hospital Cancer Centre pharmacy. Oxaliplatin was diluted 

with 0.9% sterile saline (Fresenius Kabi, UK) to a final concentration of 2 mg/ml. Control animals 

received an equivalent amount of vehicle solution made of 0.9% sterile saline. Animals received 

2 mg/kg oxaliplatin or an equal volume of vehicle solution intraperitoneally (IP) on four alternate 

days (0, 2, 4, 6) and were dosed according to their weight (i.e. 1ml/kg). To perform the IP 

injection, animals were restrained gently on the experimenter’s side: the rat’s body was placed 

along the arm, with its head facing the crook of the elbow. Animals were turned to a supine 

position to expose their abdomen and identify the midline, and their head and body were then 

tilted downwards. A 25-gauge needle was inserted at an ~ 45° angle in the right lower quadrant 

of the abdomen to avoid perforation of internal organs, and the entire drug volume was 
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administered. A new needle and syringe were used for each animal. Upon completion of drug 

administration, animals were placed in their cages and observed for 5-10 minutes to ensure 

their health and that no complication had arisen. Fresh oxaliplatin and vehicle solutions were 

prepared on each day of the treatment regimen. 

2.2.3 Randomisation and blinding 

In order to avoid bias when assigning animals to saline or oxaliplatin treatment, treatment 

allocation was randomised. Upon completing baseline testing, animals were split into two 

groups, keeping the average baseline scores of the two as equal as possible. This allowed to 

equally distribute animals across the two treatment cohorts and avoid baseline imbalance, 

which would make interpretation of results harder. For instance, if all the animals with high 

baseline responses to von Frey stimulation (see section 2.2.4.1) were randomly allocated to 

receive oxaliplatin, it would not be possible to evaluate the true effect of oxaliplatin on 

mechanical sensitivity, as these animals would have already reached the maximum score 

achievable (or scores close to that) before oxaliplatin administration.  

One animal group was then allocated to receive treatment A, while the second group received 

treatment B, or vice versa. At the beginning of each study, a third party anonymised oxaliplatin 

and saline vials (as A or B) and the same blinding code was applied throughout the dosing 

regimen. To avoid any potential bias when performing behavioural assessments, all tests were 

performed blindly (i.e. without knowing the identity of the treatment administered) until the 

end of the study, when data analysis was performed.  

2.2.4 Behavioural assessments 

Animals were regularly checked for weight gain and health status and no animal had to be 

excluded due to weight loss or ill health. Two key time points were investigated in this 

oxaliplatin-induced peripheral neuropathy (OIPN) model: day 7, 24 hours after the last 

treatment administration, and peak pain, when animals reached the peak of pain-like behaviour 

(day 28-34). The peak pain time point occurred over a period of seven days, as behavioural 

responses were different among animals and were dependent on individual responses 

compared to baseline. A total of 96 animals were used in the studies described in this thesis 

(saline n = 48, oxaliplatin n = 48). Allocation of animals to different behavioural tests is 

summarised in Table 2-2. 
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Table 2-2 Allocation of saline- and oxaliplatin-treated animals to behavioural tests 

Saline Oxaliplatin 

Mechanical hypersensitivity 

Total  n = 31  Total  n = 31  
     of which reached peak pain            n = 8       of which reached peak pain            n = 9  

          

Saline 
n = 17 

Oxaliplatin 
n = 17 

# 

Cold  
allodynia 

Wheel 
running 

Adhesive 
removal 

test 1 

Adhesive 
removal 

test 2 # 

Cold 
allodynia 

Wheel 
running 

Adhesive 
removal 

test 1 

Adhesive 
removal 

test 2 

1 ✓ ✓  ✓ 1 ✓ ✓  ✓ 

2 ✓ ✓  ✓ 2 ✓ ✓  ✓ 

3 ✓ ✓  ✓ 3 ✓ ✓  ✓ 

4 ✓ ✓  ✓ 4 ✓ ✓  ✓ 

5 ✓ ✓  ✓ 5 ✓ ✓  ✓ 

6 ✓ ✓   6 ✓ ✓   

7 ✓ ✓   7 ✓ ✓   

8 ✓ ✓   8 ✓ ✓   

9 ✓ ✓   9 ✓ ✓   

10 ✓ ✓   10 ✓ ✓   

11 ✓ ✓   11 ✓ ✓   

12 ✓  ✓  12 ✓  ✓  

13 ✓  ✓  13 ✓  ✓  

14 ✓  ✓  14 ✓  ✓  

15 ✓  ✓  15 ✓  ✓  

16 ✓  ✓  16 ✓  ✓  

17 ✓  ✓  17 ✓  ✓  

 

2.2.4.1 Mechanical hypersensitivity to von Frey filaments 

Behavioural tests were performed in a rig made of 12 elevated, clear Perspex boxes (15 cm x 16 

cm x 21 cm) with a wire-rung floor that allowed access to the animals’ paws. Animals were 

habituated to the testing environment for 30 minutes on two separate occasions the day before 

starting baseline assessment. Prior to each behavioural test, animals were left to acclimatise in 

the boxes for an additional 5-10 minutes, or until they quieted. Mechanical hypersensitivity was 

assessed by withdrawal responses to 4 g, 8 g and 15 g von Frey filaments (Touch-Test Sensory 

Evaluators, Linton Instrumentation, UK), as previously described (Duggett and Flatters 2017, 

Griffiths et al. 2018). Filaments were applied to the midplantar region of the left and right hind 

paw, starting from the lower force filament. All animals were tested using one von Frey filament 

on one hind paw before moving to the other hind paw with the same bending force filament. 

Each filament was applied 5 consecutive times, for 5 seconds each. Each paw withdrawal from 

the filament was counted as a positive response. The maximum score per filament force was 10, 

obtained by the summation of left and right paw scores for each filament. Prior to oxaliplatin or 

saline administration, animals were assessed on three days for baseline scores and the results 

of the three assessments were averaged to obtain the final baseline score. Animals were split in 

two groups of nearly equal baseline scores and randomised to either saline or oxaliplatin 

treatment. Mechanical hypersensitivity was then measured at day 7 or weekly until the peak 
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pain endpoint was reached. Testing was always performed between 8 and 11 am and under 

blind conditions. Testing was carried out on animals there were awake, not grooming and with 

all four paws in contact with the wired floor.  

A total of 76 animals (saline n = 38, oxaliplatin n = 38) were tested for mechanical 

hypersensitivity in order to be allocated to further investigations. Of those, 14 animals (saline  

n = 7, oxaliplatin n = 7) were excluded because their behavioural responses were considered 

unreliable, and therefore their behaviour is not displayed in this thesis. Reasons to exclude these 

animals comprise: animals were falling asleep repeatedly whilst being tested, and so resulted 

insensitive to von Frey stimulation at different time points during the behavioural investigation; 

and animals were constantly grooming and/or moving in the testing apparatus, thus making it 

challenging to test them with their four paws in contact with the wired floor and to discern 

actual withdrawal responses to mechanical stimulation from other spontaneous behaviours. In 

both cases, withdrawal responses, or lack thereof, were not considered an accurate 

measurement of mechanical sensitivity, as they were not deemed to be solely due to stimulation 

with von Frey filaments. Hence, their inclusion in the study was considered inappropriate. The 

remaining 62 animals tested for mechanical hypersensitivity (saline n = 31, oxaliplatin n = 31) 

were allocated to further experimental procedures to investigate electrophysiological and 

mitochondrial properties (see Figure 4-1). Animals tested for mechanical hypersensitivity were 

not used for other behavioural investigations. 

2.2.4.2 Cold allodynia 

Animals were tested in the rig described above following the same habituation paradigm. 50 μl 

of acetone (Fisher Scientific, UK) were applied to the midplantar region of the hind paw with a 

P200 pipette (Eppendorf, UK). Acetone was carefully applied to the paw surface only, in order 

to avoid wetting the rats’ fur, as animals would start grooming and pain-like responses would 

be difficult to assess. A stopwatch was started at the time of acetone application and animals 

were observed for 20 seconds. If no response occurred, the trial was interrupted; if animals did 

respond to the stimulus, their responses were recorded for additional 20 seconds, for a total 

trial run of 40 seconds. Pain-like behaviour was evaluated using a cold scoring system, as 

previously described (Flatters and Bennett 2004): 0 = no response; 1 = one to three responses 

(paw withdrawal or flicking); 2 = three or more responses; 3 = three or more responses plus 

licking of the plantar surface/pulling at the nails. Acetone was applied to both left and right hind 

paw and the test was repeated three times. Each time, all animals were tested on one hind paw 

before beginning to test the other hind paw. Responses for the three trials were summed and 

the maximum achievable score was 18. Prior to oxaliplatin or saline administration, animals 
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were assessed on four days for baseline scores and the results of the four assessments were 

averaged to obtain the final baseline score. Three different cohorts of animals were tested for 

cold allodynia. Animals in the first cohort were split into two groups of approximately equal 

baseline cold scores and randomly assigned to oxaliplatin or saline treatment (saline n = 6, 

oxaliplatin n = 6). Animals in the second and third cohorts were also tested for spontaneous 

wheel activity (see section 2.2.4.3) and were split in two groups of approximately equal baseline 

distances run on wheels, which were then randomised to receive either oxaliplatin or saline 

(saline n = 11, oxaliplatin n = 11). Cold allodynia was then measured at day 7 or weekly until the 

peak pain endpoint was reached. Testing was always performed between 8 and 11 am and under 

blind conditions. Testing was carried out on animals that were awake, not grooming and with all 

four paws in contact with the wired floor. Results from separate cohorts of animals that were 

tested at different times in the lab were collated. A total of 34 animals were used for this test 

(saline n = 17, oxaliplatin n = 17). 

2.2.4.3 Spontaneous wheel running 

Spontaneous wheel running activity was recorded using Spontaneous Activity Wheels BIO-

ACTIVW-R (Bioseb, France). Animals were placed in individual cages (48 cm x 31.5 cm x 47 cm) 

made of Type III polycarbonate. Within each cage, animals had free access to a stainless-steel 

wheel (diameter: 34 cm; width: 7 cm) and were able to spin in both clockwise and 

counterclockwise direction. Cages contained sawdust and animals had access to food and water 

ad libitum and were kept in the same holding room where they were normally housed. Wheels 

were connected to a computer and wheel activity was recorded through the ACTIVW-SOFT 

software (Bioseb, France). The software recorded different parameters of wheel activity every 

5 minutes, including total distance run, mean and maximum speed, maximum acceleration, time 

spent on the wheel (active time) and number of times the animal accessed the wheel (access 

count). Animals were habituated in the wheel-cage for one hour during the morning before each 

testing. They were then placed in the testing apparatus between 17:00 and 18:00 and activity 

was recorded overnight until 09:00-10:00 the following morning. To account for rats being 

nocturnal animals, data were only analysed during the dark phase (19:10 to 6:30). Animals 

included in this study were also tested for cold allodynia (see section 2.2.4.2). One baseline 

recording was taken following the last acetone baseline testing. Animals were split in two groups 

that ran approximately the same average distance during the dark phase and were then 

randomised to oxaliplatin or saline treatment. Further time points investigated were days 7, 14, 

28, and 34. A maximum of six wheel-cages were used at any time. Animals were always placed 

in the same cage for habituation and activity recording and were returned to their home cages 

afterwards. Testing was always performed under blind conditions. Results were obtained by 
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collating recordings from two separate cohorts of animals that were tested at different times in 

the lab. A total of 22 animals were used in this test (saline n = 11, oxaliplatin n =n 11).  

2.2.4.4 Numbness assessment 

2.2.4.4.1 Adhesive removal test - trial 1 

The adhesive removal test (Schallert et al. 1982) was evaluated for its potential use in assessing 

numbness in rats following chemotherapy administration. Round adhesive labels (diameter: 13 

mm; Ryman, UK) were applied to the dorsal surface of the left and right forepaws, whilst the 

animal was restrained in one hand (Figure 2-2). Care was taken to limit the stress experienced 

by the animals whilst restrained. Animals were tested for two different parameters: time needed 

for them to notice the adhesive label (paw brought to mouth and licked and/or flicking) and 

time needed to remove it. Animals were allowed a maximum of 5 minutes per trial and the test 

was conducted in an empty plastic cage, one animal at a time. If animals did not manage to 

remove the label by the end of trial, their attempt was considered null and the whole time point 

was excluded from analysis. Animals were trained for three days to habituate to the 

experimenter’s hold and label appliance. Additionally, rats were habituated to the empty cage 

for one minute before each label appliance. All animals were tested on one forepaw before 

beginning to test the opposite paw. Animals included in this study were also tested for cold 

allodynia (see section 2.2.4.2). One baseline recording was taken after the last acetone baseline 

testing and animals were split into two groups of almost equal baseline cold scores. The wo 

groups were then randomly allocated to receive saline or oxaliplatin. Animals were tested 

regularly on days 7, 14, 22, 28 and 31. Testing was always performed between 2 and 4 pm and 

under blind conditions. A total of 12 animals were used for this test (saline n = 6, oxaliplatin  

n = 6). 

2.2.4.4.2 Adhesive removal test - trial 2 

An alternative version of the adhesive removal test was attempted based on the protocol 

described by (Komotar et al. 2007). A rectangular piece of tape (4 cm x 0.9 cm) was wrapped 

around the paw, so that the extremities could attach together and covered most of the dorsal 

and plantar region, with only the fingers sticking out, as illustrated in Figure 2-2. Two different 

types of tape were tested at first, mask tape and electrical tape; electrical tape was selected to 

carry out the study, as removing it from the animals’ fur was easier. Animals were allowed 20 

seconds to settle down once the tape was applied. A stopwatch was started after that and 

animals were observed for 30 seconds. Time spent attending to the paw (licking and/or biting) 

was recorded with another stopwatch. Results were calculated as ratio of time spent trying to 

remove the tape/30 s. The test was carried out by two experimenters, one restraining the animal 
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and one applying the tape. Animals were trained once to habituate to the experimenter’s hold 

and tape appliance. Additionally, rats were habituated to the empty cage for one minute before 

each tape appliance. All animals were tested on one forepaw before beginning to test the 

opposite paw. Animals included in this study were also tested for cold allodynia and 

spontaneous wheel running (see sections 2.2.4.2 and 2.2.4.3). One baseline recording was taken 

prior to oxaliplatin or saline administration. Animals were split into two groups of nearly equal 

baseline distances run on the wheels, and one group was randomly allocated to oxaliplatin, 

whilst the other received saline. Animals were then tested on day 8, 21 and 29. Testing was 

always performed between 2 and 4 pm and under blind conditions. A total of 10 animals were 

used for this test (saline n = 5, oxaliplatin n = 5). 

 

Figure 2-2 Two different methodologies of the adhesive removal test 

(A) Trial 1: A round adhesive label was applied to the dorsal surface of the forepaw. The time to sense the 

label and to remove it were measured. Animals were given a maximum time of 5 minutes to perform the 

task. (B) Trial 2: a rectangular piece of electrical tape was wrapped around the animal forepaw and the 

two extremities were attached together. Animals were observed for 30 seconds and the time spent trying 

to remove the tape was measured. 

  

A B 
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2.3 Electrophysiological investigation 

2.3.1 Saphenous nerve dissection 

At the time point of interest, animals were terminally anesthetised with an overdose of 

pentobarbital sodium (Euthatal; Merial, UK). Depth of anaesthesia was assessed by checking 

animal reflexes, including pedal withdrawal, blink and righting reflex. Once reflexes had been 

lost, the skin of the inner thigh was cut open to expose the saphenous nerve and the connective 

tissue surrounding it was removed. A cut was made at the distal segment of the nerve to free 

the extremity. Holding the cut end gently, the nerve was carefully freed from the surrounding 

fascia and blood vessels, until a sufficient nerve length was achieved. A second cut was made at 

the proximal end to dissect the nerve out completely. The nerve was placed in Hibernate A 

(Thermo Fisher, UK), a maintenance medium for neuronal tissue, and the second nerve was 

harvested from the animal. Nerves were kept in Hibernate A for a maximum of 3 hours. As each 

nerve was an independent unit, sample size for all electrophysiology experiments refers to 

number of nerves rather than number of animals. 

2.3.2 Electrophysiology bath set-up 

Nerves were placed in the stimulating/recording apparatus, made of clear Perspex boxes (7.3 

cm x 2.9 cm x 1.7 cm) that could be divided into three inner chambers: a stimulating one (2 cm 

x 1 cm x 1 cm), a recording one (2.6 cm x 1 cm x 1 cm) and a middle chamber for nerve 

superfusion (0.8 cm x 1 cm x 1 cm). Two plastic bars separated the middle chamber from the 

stimulating and recording ones (3.5 cm x 0.6 cm x 0.1 cm). High vacuum silicone grease (Dow 

Corning, UK) was applied to the top of the bars and the nerve was laid over them and across a 

pair of stimulating and a pair of recording electrodes. Two additional bars were coated with 

silicone grease and fitted on top of the others, thus isolating the three chambers, as shown in 

Figure 2-3. The stimulating and recording chambers were filled with mineral oil (Sigma Aldrich, 

UK), while the nerve section in the central chamber was superfused with oxygenated 

bicarbonate solution (124 mM NaCl, 26 mM NaHCO3, 1 mM NaH2PO4, 2.5 mM KCl, 1 mM MgCl2, 

2.5mM CaCl2, 10 mM glucose, pH 7.4 maintained with carbogen 95% O2/5% CO2; BOC, UK) at a 

rate of 2 ml/min with a mechanical pump (Ismatec, Germany). Bicarbonate solution was 

constantly suctioned off the chamber at the same rate. The Perspex boxes were made of hollow 

walls, in which a constant flow of hot water allowed to maintain the bath temperature constant 

at 34-35°C. Electrode pairs were placed at a distance of at least 5 mm and were made of 

chlorided silver wire (99.99% purity, ⌀ 0.75 mm). Chlorination was obtained by placing the silver 

wire in bleach for 10-15 minutes. Nerves were harvested at a sufficient length (average length 

~ 2.8 cm) to place them across the electrodes without excessive stretching, which would impair 
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nerve integrity and subsequent electrical properties. The nerve extremity on the second 

recording electrode was gently crushed with a pair of forceps (InterFocus, UK) to allow for a 

monophasic recoding. Post-dissection nerve electrical activity was tested by stimulating the 

nerve once with A- and C-fibres compound action potential (CAP) characterising protocols (see 

section 2.3.4). Whenever electrical stimulation did not generate a CAP, the nerve was repositioned on 

the electrodes to generate a better nerve/electrode connection. After this initial trial, nerves were left 

to rest in the bath for 20 -50 minutes before recording. Occasionally (< 10% of all C-CAPs recorded), the 

C-CAP was no longer present after the resting period and the pre-rest recording was included in the 

final analysis.  

 

Figure 2-3 Schematic representation of the electrophysiology bath set-up 

Electrical stimulation of the saphenous nerve was carried out in a clear Perspex box divided into three 

isolated inner chambers. The outermost chambers were filled with mineral oil and contained a pair of 

stimulating and a pair of recording electrodes. The middle chamber contained oxygenated bicarbonate 

solution that was constantly pumped through and suctioned off at a rate of 2 ml/min. The saphenous 

nerve (in pink) was laid across the electrodes. Hot water flew through the hollow walls of the Perspex box 

to maintain a constant temperature of 34-35°C. 

2.3.3 Electrophysiology set-up optimisation 

2.3.3.1 Effects of substrate supplementation on CAP recordings 

A first optimisation attempt aimed to assess the effects of fructose and glucose as sugar 

supplements in the bicarbonate solution. Nerves (n = 4) were harvested from two naïve animals 

and placed in Hibernate A (Thermo Fisher, UK) for up to 3 hours, as described in 2.3.1. Nerves 

rested in the bath for 30-45 minutes before starting recording. The electrophysiology bath was 

set up as described in section 2.3.2. The bath central chamber was initially filled with oxygenated 

bicarbonate solution containing 10 mM glucose at a rate of 2 ml/min. After the resting period, 

nerves were electrically stimulated, as described in section 2.3.4. Upon cessation of the 
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stimulation protocols, oxygenated bicarbonate solution that did not contain any sugar 

supplement was pumped into the central chamber for 30 minutes, in order to wash out any 

trace of glucose. Nerves were then superfused with oxygenated bicarbonate solution 

supplemented with 20 mM fructose and stimulating protocols were reapplied to the nerves.  

2.3.3.2 Effects of nerve crushing on CAP recordings 

Nerves were harvested from saline-treated animals and placed in Hibernate A (Thermo Fisher, 

UK), as described in section 2.3.1. The electrophysiology bath was set up as previously described 

in 2.3.2. Initial recordings were carried out by laying nerves (n = 10) across the electrodes and 

simply placing the nerve extremity on the second recording electrode. As nerves were cut at 

their extremities, recordings were considered monophasic in practice. In order to obtain a truly 

monophasic recording, further experiments were conducted on nerves whose extremities were 

gently crushed on the second recording electrode. Results for the crushed set-up were collated 

from nerves harvested from saline-treated animals at day 7 and day 28-37, for a total of 22 nerves. 

2.3.4 Stimulating and recording set-up 

Stimulating protocols were set up using Spike2 software 8.13 (Cambridge Electronic Design, UK), 

which was connected to a CED 1401 interface (Cambridge Electronic Design, UK). A DAC output 

(digital to analogue converter) in the CED 1401 sent a voltage signal to a DS4 bi-phasic stimulus 

isolator (Digitimer, UK). The DS4 produced a constant current stimulus that was applied to the 

nerves via the stimulating electrodes. Nerves were stimulated with square wave pulses at a 

frequency of 0.2 Hz. A-CAP and C-CAP minimum thresholds were determined through the 

application of pulses of increasing current: 

A-CAP threshold: from 0 to 0.3 mA in 0.01 mA increments (31 stimuli) – 50 μs pulse width 

(Day 7: saline n = 13 nerves, oxaliplatin n = 8 nerves. Peak pain: saline n = 9 nerves, oxaliplatin n = 11 nerves) 

C-CAP threshold: from 0 to 4 mA in 0.1 mA increments (41 stimuli) – 1 ms pulse width 

(Day 7: saline n = 9 nerves, oxaliplatin n = 10 nerves. Peak pain: saline n = 6 nerves, oxaliplatin n = 8 nerves) 

A second protocol was applied to both A- and C-fibres to characterise CAPs in terms of 

amplitude, area under the curve (AUC), duration and conduction velocity: 

A-CAP characterisation: from 0 to 0.5 mA in 0.02 mA increments (26 stimuli) - 50 μs pulse width 

(Day 7: saline n = 13 nerves, oxaliplatin n = 8 nerves. Peak pain: saline n = 9 nerves, oxaliplatin n = 11 nerves)  

C-CAP characterisation: from 0.5 to 10 mA in 0.5 mA increments (20 stimuli) – 1 ms pulse width 

(Day 7: saline n = 10 nerves, oxaliplatin n = 11 nerves. Peak pain: saline n = 9 nerves, oxaliplatin n = 12 nerves)  
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A pair of recording electrodes (A and B) were connected to a NL100AK AC pre-amplifier 

headstage (Digitimer, UK). The headstage was power-supplied by a NL104 AC pre-amplifier 

(NeuroLog System, UK) set on the differential recording A-B and the signal output was amplified 

(x 1000). The output was band-pass filtered (100-1500 Hz, NL125-NL126; NeuroLog System, UK) 

and 50-60 Hz noise was eliminated by a HumBug Noise Eliminator (Quest Scientific, Digitimer, 

UK). The signal was sent to an oscilloscope (TDS 3012; Tektronix, UK) that was back-connected 

to the CED 1401 and allowed the visualisation of action potentials in real-time (Figure 2-4). 

Recordings were analysed using Spike2 software 8.13 (Cambridge Electronic Design, UK).  
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Figure 2-4 Schematic representation of the electrophysiology set-up 

The saphenous nerve was electrically stimulated with a constant current stimulus produced by the DS4 

bi-phasic stimulus isolator and applied at the two stimulating electrodes. The DS4 received a voltage signal 
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from a DAC output of the CED 1401 interface, which was directly connected to Spike2 software. The 

opposite end of the nerve was placed on a pair of recording electrodes connected to a NL100AK AC pre-

amplifier headstage. The headstage was powered by an NL104 AC pre-amplifier. The NL104 was set on 

the differential recording A-B and amplified the signal x1000. The output was band-pass filtered (100-

1500 Hz) with an NL125-NL126 filter and 50-60 Hz electrical noise was further eliminated by a HumBug 

Noise Eliminator. The HumBug sent the final signal to an oscilloscope, where action potential could be 

observed in real-time. 

2.4 Mitochondrial functionality investigation 

2.4.1 Assessment of bioenergetic profiles  

2.4.1.1 Dissection of dorsal root ganglia (DRG) and isolation of DRG neurons 

Animals were terminally anesthetised with an overdose of pentobarbital sodium (Euthatal; 

Merial, UK). Depth of anaesthesia was assessed by checking animal reflexes, including pedal 

withdrawal, blink and righting reflex. Once reflexes had been lost, cardiac puncture was 

performed, and 2-5 ml of blood were extracted to facilitate further dissection. The skin on the 

rats’ back was cut open to expose the spinal column and cuts were made bilaterally in the muscle 

alongside the spine, starting from the cervical down to the sacral region. The spinal cord was 

exposed through a laminectomy: the spine was cut transversally at the caudal end and curved 

scissors were inserted into the spinal canal. Small cuts were made into the bone on both sides, 

proceeding rostrally, in order to peel away the lamina and access the spinal cord lying 

underneath. DRG were collected bilaterally, starting at L6/L5 proceeding rostrally until 14 DRG 

were collected. Immediately after dissection, DRG were placed in Minimum Essential Media 

(MEM; Sigma, UK) containing 1% penicillin/streptomycin (P/S; Invitrogen, UK) at room 

temperature. All DRG were additionally trimmed to remove any remaining blood, dura mater, 

dorsal and ventral roots and placed into 2 ml of fresh, sterile MEM containing 1% P/S and 2.5% 

collagenase (type IV; Worthington Biochemicals, UK). DRG were incubated at 37°C/5% CO2 for 

three hours and triturated hourly through a sterile flame-polished glass pipette, to facilitate 

their digestion. 0.25% trypsin (Sigma, UK) was added and DRG were incubated at 37°C/5% CO2 

for 10-20 minutes. A single-cell suspension was obtained by additional trituration and warm 

MEM with 1% P/S and 10% foetal bovine serum (FBS; Sigma, UK) was added to a final volume of 

10 ml. The cell suspension was centrifuged at 1 000 rpm for 5 minutes and the supernatant was 

discarded. The cell pellet was resuspended in 2 ml of warm MEM with 1% P/S, 10% FBS and 

0.05% DNase I (Worthington Biochemicals, UK) and gently pipetted on top of a 15% bovine 

serum albumin (BSA) cushion (2 ml; prepared in MEM with 1% P/S and 10% FBS; Sigma, UK). The 

suspension was centrifuged at 1 000 rpm for 10 minutes and the layer of debris and myelin that 
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formed at the interface was removed. BSA and MEM were removed as well and the cell pellet 

was resuspended in fresh MEM with 1% P/S, 10% FBS and 0.1 % cytosine arabinoside (AraC; 

Sigma, UK). To ensure a resuspension as homogeneous as possible, cells were triturated 200 

times through a 200 μl pipette tip. The cell suspension (100 μl/well) was plated onto XF24 

Analyzer multi-well plates (Agilent, UK), leaving 4 empty wells for background correction. Cell 

plates were incubated overnight at 37°C/5% CO2 to be used the following day. 

2.4.1.2 Bioenergetic profile assay  

The Seahorse XF24 Analyzer (Seahorse Bioscience, USA) enables the simultaneous 

measurement of oxygen consumption and protons production in culture media immediately 

surrounding adherent cells in a 24-well plate. The readouts of the assay are oxygen consumption 

rate (OCR), a direct measurement of mitochondrial respiration, and extracellular acidification 

rate (ECAR), an indicator of glycolytic rate. The Seahorse XF24 FluxPak (Agilent, UK) comprises 

the XF24 cell culture microplate and a sensor cartridge. The XF24 Analyzer slowly lowers the 

cartridge into the microplate wells, thus creating a transient microchamber, where optical 

microsensors at the bottom of the cartridge probe can detect oxygen and proton changes in the 

culture media. The cartridge also contains four injection ports that allow to add mitochondrial 

inhibitors directly to the cell wells: oligomycin (Complex V inhibitor); carbonyl cyanide-4 

(trifluoromethoxy) phenylhydrazone (FCCP) (uncoupler of oxidative phosphorylation, OXPHOS); 

and antimycin A and rotenone (Complex III and Complex I inhibitors). The inhibitors are injected 

in a specific order, to enable the measurement of different parameters of mitochondrial and 

glycolytic function. OCR measurements following sequential addition of these inhibitors onto 

DRG neurons allow to assess six parameters of respiratory function: basal respiration; ATP 

turnover-linked respiration; proton leak; maximal respiration; spare reserve capacity (the ability 

of cells to respond to stressful conditions); and non-mitochondrial respiration. At the same time, 

ECAR measurements allow to assess basal glycolysis and glycolytic capacity (the ability of cells 

to switch from OXPHOS to glycolysis). The morning following DRG neurons isolation, 50 ml of 

Seahorse (SH) medium were prepared as follows: Seahorse XF base medium containing 2 mM 

GlutaMAX (Agilent, UK) was supplemented with 5 mM glucose (Sigma, UK) and 1 mM sodium 

pyruvate (Fisher Scientific, UK), pH was adjusted to 7.4 and the medium was warmed to 37°C. 

50 μl of MEM were removed from each cell well of the XF24 Analyzer multi-well plate and DRG 

neurons were washed with 1 ml of SH medium. 500 μl of SH medium were further added in each 

well, for a final volume of 550 μl/well. 550 μl of SH medium were added to the background 

correction wells too. The plate was incubated at 37°C/0% CO2 for approximately 45 minutes. 

Mitochondrial inhibitors were dissolved in dimethyl sulfoxide (DMSO; Sigma, UK) to 2.5 mM 

stock concentration. On the day of the experiment, stock solutions were diluted to their final 
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working concentration with warm SH medium. Extensive preliminary experiments have been 

carried out in our lab in the past to identify the optimal concentrations of the compounds on 

isolated DRG cells. Once diluted to their final concentrations, inhibitors were loaded into 

injection ports of the XF24 sensor cartridge in the following order: port A contained 55 μl of 

DMSO, SH medium or oxaliplatin (see sections 2.4.1.3 and 2.4.1.4); port B contained 60 μl of 0.5 

μM oligomycin; port C contained 65 μl of 0.2 μM FCCP; and port D contained 70 μl of 0.5 μM 

antimycin and 0.5 μM rotenone. The cartridge was inserted into the Seahorse XF24 Analyzer for 

calibration and equilibration. Once these steps were completed, the XF24 multi-well plate was 

loaded into the Seahorse XF24 Analyzer and the protocol was initiated. A ‘mix-wait-measure’ 

cycle was carried out first for 3 times. Each step was carried out as follows: the XF24 Analyzer 

mixed the wells for 3.5 minutes, paused for 1 minute, mixed the wells for 10 additional seconds 

and then took OCR/ECAR measurements for 2 minutes. The mitochondrial inhibitors in ports A-

D were injected one at a time and 3 cycles of ‘mix-wait-measure’ were performed in between 

each port injection. Upon protocol completion, the multi-well plate was ejected from the XF24 

Analyzer. Analysis was performed on wells displaying a basal OCR (last measurement before 

oligomycin addition) between 200 and 900 pMol/min, as seeding densities in this range would 

ensure a reliable measurement of other OCR parameters by the machine. Therefore, basal OCR 

values < 200 and > 900 pMol/min were excluded from the final analysis. Final respiration 

parameters were obtained by subtracting non-mitochondrial respiration from basal respiration, 

ATP turnover, maximal respiration and proton leak values. 6 to 10 wells were analysed per 

animal.  

2.4.1.3 Bioenergetic profile after exposure to oxaliplatin in vitro  

DRG were harvested from naïve animals and DRG neurons were isolated as described in section 

2.4.1.1. Oxaliplatin (5 mg/ml; Accord Healthcare Ltd) was diluted with fresh SH medium. 

Different concentrations of oxaliplatin were tested: 50 nM, 5 μM, 10 μM, 100 μM, 250 μM and 

500 μM. SH medium was used as a control. Oxaliplatin or SH medium alone were loaded in port 

A and injected during the bioenergetic profile assay. To ensure sufficient exposure time, the 

‘mix-wait-measure’ step after port A injection was repeated a total of 9 times, for a total 

exposure time of 1 hour. The rest of the protocol was carried out as described in 2.4.1.2.  

2.4.1.4 Bioenergetic profile after exposure to oxaliplatin in vivo 

Saline- and oxaliplatin-treated animals were tested for mechanical hypersensitivity at day 7  

(n = 4 animals/group) and 14 DRG were harvested from each animal (see section 2.4.1.1). 

Dissociated DRG neurons from one saline- and one oxaliplatin-treated animal were plated onto 

the same XF24 Analyzer multi-well plate to be assayed simultaneously. The bioenergetic profile 
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assay was set up as described in section 2.4.1.2. Port A was loaded with 0.8% DMSO as control, 

as DMSO was used as diluent of compounds in ports B-D.  

2.4.1.5 Data normalisation to total protein content 

Upon completion of the metabolic assay, 600-700 μl of medium were carefully removed from 

the wells without disrupting the DRG neurons, ultimately leaving 50-100 μl/well. DRG neurons 

were fixed in cold 4% (w/v) paraformaldehyde (PFA; Sigma, UK) for 15 minutes and washed in 

PBS. Cells were fixed in order to be later stained with 4′,6-diamidino-2-phenylindole (DAPI;  

1: 10 000 in PBS; Sigma, UK) and Neuronal Nuclei antibody (NeuN; 1:5 000 in PBS; Abcam, UK), 

for the identification of all cell nuclei and neurons, respectively. Stained plates would have then 

been imaged with the Opera Phenix High Content System in the Wohl Cellular Imaging Centre 

(WCIC), thus allowing the identification and quantification of neuronal cells (DAPI +ve/NeuN 

+ve) contributing to the OCR/ECAR profiles generated by the Seahorse XF24 Analyzer. Non-

neuronal cells (DAPI +ve/NeuN -ve) would not have been included in the analysis, as a previous 

investigation in our lab revealed that their contribution to OCR and ECAR profiles is negligible 

(Duggett et al. 2017). Due to COVID-19, closing of facilities and later social distancing measures 

meant that training at the WCIC was not feasible and access to use the Opera Phenix was not 

obtained. Consequently, the normalisation of the XF24 cell culture microplates to neuronal cell 

number was not possible and was performed based on protein content instead. The PBS volume 

in each well was transferred to separate 1.5 ml tubes (one tube per well). 50 µl/well of 0.25% 

trypsin (Sigma, UK) were added and plates were incubated at 37°C for 20 minutes to help cells 

to detach from the wells. Cells were additionally scraped off the bottom of the wells and 

transferred to their respective tubes for a centrifugation step at 14 000 rpm for 10 minutes. The 

supernatant was discarded and 100 µl of lysis buffer were added. The lysis buffer was prepared 

as follows (Sadick and Darling 2017): 300 mM Tris-HCl, pH 8; 2% (% w/v) sodium dodecyl 

sulphate (SDS; Sigma, UK); and Protease Inhibitor Cocktail Set III (VWR International, UK), NaF 

(Sigma, UK) and sodium orthovanadate (Sigma, UK) at 1:100 dilution. Samples were boiled at 

100°C for 30 minutes, followed by 2 hours at 60°C. Lysates were centrifuged at 14 000 rpm for 

15 minutes at 4°C. Supernatants were transferred to fresh tubes and the protein content in each 

well was quantified using the BCA (Bicinchoninic acid) Protein Assay Kit (Merck, UK), following 

the manufacturer’s protocol. A standard curve was prepared with BSA references (Merck 

Millipore, UK) used at the following concentrations: 0, 25, 125, 250, 500 and 1 000 μg/ml. 5 μl 

of protein homogenates/BSA standards were loaded in triplicate onto a 96-well plate. A BCA 

working reagent was prepared mixing the BCA solution and 4% cupric sulfate provided in the kit, 

in a 50:1 ratio, and 100 μl were added per well. Plates were kept in the dark and incubated on a 

shaker for 45 minutes at room temperature to develop a colorimetric reaction. Absorbance was 
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read at 562 nm in a SpectraMax 340PC Microplate Reader (Molecular Devices, USA). The 

absorbance value of the standard references was plotted against their concentration to 

generate a standard curve. Absorbance values of protein lysates were interpolated to the 

standard curve to calculate protein concentration. OCR and ECAR parameters were normalised 

to total protein content. 

2.4.2 Protein expression of mitochondrial calcium channels and citrate synthase 

At the time point of interest, animals were terminally anesthetised with an overdose of 

pentobarbital sodium (Euthatal; Merial, UK). Depth of anaesthesia was assessed by checking 

animal reflexes, including pedal withdrawal, blink and righting reflex. Once reflexes had been 

lost, DRG were collected as described in section 2.4.1.1. 10-12 DRG were harvested per animal. 

Saphenous nerves were collected bilaterally as described in section 2.3.1. For sciatic nerve 

collection, the skin and muscle of the outer thigh were cut longitudinally to expose the nerve 

lying underneath. The connective tissue surrounding the nerve was removed. Nerve samples of 

approximately 1-2 cm were obtained cutting the nerve distally, before its branching into sural, 

tibial and peroneal nerves, and proximally at the sciatic notch region. Both sciatic nerves were 

dissected. All samples were collected in 1.5 ml tubes. Immediately after dissection, DRG and 

nerves were flash-frozen in liquid nitrogen and stored at -80°C. 

2.4.2.1 Sample homogenisation  

DRG samples and saphenous nerves were lysed in 300 μl of RIPA (Radioimmunoprecipitation 

assay) lysis buffer, whilst sciatic nerves were lysed in 500 μl of the same buffer. The RIPA lysis 

buffer consisted of 50 mM Tris HCl (pH 7.4), 150 mM NaCl (Fisher Scientific UK), 1% (% v/v) Triton 

X-100 (Fisher Scientific, UK), 0.5% (% w/v) sodium deoxycholate (Sigma, UK), 0.1% (% w/v) SDS 

(Sigma, UK), 1 mM EDTA disodium salt (Fisher Scientific, UK) and 10 mM NaF (Sigma, UK). 

Protease Inhibitor Cocktail Set III (VWR International, UK) and sodium orthovanadate (Sigma, 

UK) were added fresh to the RIPA lysis buffer (1:100) just before the homogenisation process 

began. To avoid protein degradation, samples were not allowed to thaw before addition of lysis 

buffer and were always kept on ice. DRG and lysis buffer were placed inside a glass tube and 

mechanically homogenised with a PFTE pestle attached to a motor-driven tissue homogeniser 

(VWR International, UK). Samples underwent two 30-second cycles of homogenisation, with a 

10-second break in between. If necessary, a third mechanical burst was applied for 30 additional 

seconds. The glass tube was constantly kept on ice to avoid sample overheating. Once 

completely dissolved into solution, samples were moved to their original 1.5 ml tube. The glass 

tube and pestle were cleaned with ethanol (Sigma, UK) and water before a new DRG sample was 

homogenised. Samples were centrifuged at 4°C, 12 000 rpm for 20 minutes. Supernatants were 
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transferred to new 1.5 ml tubes, while the pellets containing cell debris were discarded. Nerves 

were homogenised with an ultrasonic homogenizer 4710 (Cole-Parmer, USA) and underwent 

two 30-second cycles of sonication, with a 10-second break in between. If necessary, a third 

sonication burst was applied for 30 additional seconds. Tubes were kept on ice to avoid 

overheating during the sonication process. The sonicator was carefully cleaned with Virkon 

(Lanxess, Germany), ethanol (Sigma, UK) and water before a new sample was homogenised.  

2.4.2.2 Protein quantification and sample preparation 

Homogenates were kept at -20°C and were allowed time to thaw in ice before protein 

quantification. Quantification was performed with the BCA Protein Assay Kit (Merck, UK), as 

described in section 2.4.1.5, using a standard curve of BSA references (Merck Millipore, UK) at 

the following concentrations: 0, 200, 400, 600, 800, 1 000, 1 200, 1 400, 1 600, 1 800 and 2 000 

μg/ml. Protein homogenates were diluted in double distilled water to obtain a solution 

containing 25 μg of protein. A sample loading buffer made of 30 mM NaH2PO4 (Sigma, UK), 30% 

(% v/v) glycerol (Fisher Scientific, UK), 0.05% (% w/v) bromophenol blue (Sigma, UK) and 7.5% 

(% w/v) SDS (Sigma, UK) was added to protein samples to facilitate gel loading and sample 

visualisation. 1,4-Dithiothreitol (DTT, 200 mM stock; Sigma, UK) was added as reducing agent. 

Protein samples, loading buffer and DTT were mixed in a 10:5:2 ratio. Samples were mixed 

thoroughly by vortexing and were centrifuged at 2 000 rpm for 10 seconds. Samples used to 

detect the Mitochondrial Calcium Uniporter (MCU), the Voltage-Dependent Anion Channel 1 

(VDAC1) and Citrate Synthase (CS) were boiled at 95°C for 5 minutes. Samples used for the 

detection of OXPHOS complexes were heated at 37°C and samples for the Na+/Ca2+/Li+ 

exchanger (NCLX) detection were left cold, to avoid protein degradation. 

2.4.2.3 Western blot 

Protein samples were separated through SDS polyacrylamide gel electrophoresis (SDS-PAGE). 

Gels were hand cast using two glass plates (short plate: 10.1 cm x 7.3 cm; spacer plate: 10.1 cm 

x 8.2 cm; depth in between: 1.5 mm) locked in place in a Mini-PROTEAN Tetra Cell Casting Stand 

apparatus (Bio-Rad, UK). Samples for MCU, VDAC, CS and NCLX detection were run onto 10% 

resolving polyacrylamide gels, whilst samples for OXPHOS complexes were run onto 15% 

resolving polyacrylamide gels. Gel recipes are displayed in Table 2-3 and Table 2-4. The running 

gel buffer used in the preparation of resolving gels was made of 1.5 mM TRIS base 

(FisherScientific, UK), 8 mM EDTA disodium salt (Fisher Scientific, UK), 0.4% (% w/v) SDS (Sigma, 

UK), and pH was adjusted to 8.8. Resolving gels set for 45-60 minutes. Once the resolving gels 

were set, 4.8% stacking gels were prepared on top, using the formulation in Table 2-4. Wells 

were formed placing a 1.5 mm-thick 15-well comb (Bio-Rad, UK) between the two glass plates. 
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The stacking gel buffer, used in the preparation of stacking gels, was made of 0.5 mM TRIS base 

(FisherScientific, UK), 8 mM EDTA disodium salt (Fisher Scientific, UK), 0.4% (% w/v) SDS (Sigma, 

UK) and pH was adjusted to 6.8. Stacking gels set for 15-20 minutes. Resolving and stacking gels 

were prepared in advance and kept at 4°C for up to 7 days. On the day of the experiment, gels 

were placed inside a Mini-PROTEAN Tetra Cell 2-gel vertical electrophoresis system (Bio-Rad, 

UK) and the tank was filled with electrode buffer (50 mM TRIS base, 384 mM glycine, 1.8 mM 

EDTA disodium salt, 10% SDS (% w/v) and pH adjusted to 8.8). Combs were carefully removed 

from the gel and wells were washed with dH2O to remove any excess of acrylamide. 15 μl of 

each protein sample were loaded into a well with a gel loading tip (Alpha Laboratories, UK). 3 μl 

of Precision Plus Protein All Blue Prestained Protein Standards (Bio-Rad, UK) were loaded into 

one well to act as a reference for molecular weights. 5 μl of liver homogenate or rat heart 

mitochondria (Abcam, UK) were loaded into a well as positive control. Sample loading buffer 

was added to any empty well to ensure a straight run across the gel. Electrophoresis was 

performed at 30 mA (constant) until samples run through the stacking gel and reached the 

resolving gel. At that point, electrophoresis was performed at 40 mA (constant) until the dye 

front reached the bottom of the glass plate. 

Table 2-3 Resolving polyacrylamide gel recipe 

 10% gel 15% gel 

Running gel buffer  3 ml  3 ml  

Acrylamide (30% ProtoGel; National Diagnostics, UK) 4 ml 6 ml 

Ammonium persulfate 1 mM (APS; Sigma, UK) 60 μl  60 μl  

N,N,N',N'-Tetramethylethylenediamine (TEMED; Sigma, UK) 6 μl 6 μl 

dH2O 5 ml 3 ml 

 

Table 2-4 Stacking polyacrylamide gel recipe 

Stacking gel buffer  1 ml  

Acrylamide (30% ProtoGel; National Diagnostics, UK) 650 μl 

APS 1 mM (Sigma, UK) 80 μl  

TEMED (Sigma, UK) 5 μl 

dH2O 2.3 ml 

 

  



92 

At the end of the run, gels were removed from their glass cassette and the stacking gel portion 

was cut off. Proteins were transferred onto an Immobilon-P polyvinylidene difluoride (PVDF) 

membrane (pore size 0.45 μm; Merck Millipore, UK) that had been activated in methanol (Fisher 

Scientific, UK) for 3 minutes before use. A transfer cassette was assembled as: sponge, blotting 

paper (x2), PVDF membrane, gel, blotting paper (x2) and sponge. Sponges, blotting paper and 

the PVDF membrane were all soaked in transfer buffer (25 mM TRIS base, 192 mM glycine, 20% 

(% v/v) methanol) before being assembled into the transfer cassette. The cassette was placed 

inside a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad, UK) and the tank was filled with 

transfer buffer. An ice packet was placed inside the tank and the tank itself was kept on ice, to 

avoid overheating. The transfer was performed at 50 V (constant), 230 mA maximum, for 2.5 

hours. The membrane was then incubated in blocking buffer (5% (% w/v) dried skimmed milk, 

0.2% (% v/v) Tween-20 (Fisher Scientific, UK) in tris-buffered saline (TBS)) for 1 hour at room 

temperature. TBS comprised 50 mM TRIS-base, 154 mM NaCl and pH was adjusted to 7.4. After 

blocking, the membrane was incubated with primary antibodies (listed in Table 2-5) in 5%  

(% w/v) dried skimmed milk, 0.1% (% v/v) Tween-20 (Fisher Scientific, UK) in TBS overnight at 

4°C. The following day, the membrane was washed four times in 10-minute steps in washing 

buffer (2.5% (% w/v) dried skimmed milk, 0.2% (% v/v) Tween-20 (Fisher Scientific, UK) in TBS). 

The membrane was incubated with secondary fluorescent antibodies (listed in Table 2-5) for 

one hour at room temperature and the washing steps were repeated once more. The membrane 

was left in TBS until imaging. Imaging was performed at the LI-COR Odyssey (LI-COR Biosciences) 

scanner, that allowed to visualise protein bands in the 700 nm and 800 nm channels at the same 

time. Images were saved as .tif files for further analysis. 

Table 2-5 List of primary and secondary antibodies for western blot  

Primary antibody Host and dilution 

Anti-MCU (14997, Cell Signaling Technology, UK) Rabbit; 1:500 

Anti-VDAC1 (ab15895, Abcam, UK) Rabbit; 1:1 000 

Anti-CS (16131-1-AP, Proteintech, UK) Rabbit; 1:2 000 

 Anti-NCLX (SAB2102181, Sigma, UK) Rabbit; 1:500 

Anti-OXPHOS complexes (ab110413, Abcam, UK) Mouse; 1:1 000 

Anti-β actin (MAB1501, Merck Millipore, UK) Mouse; 1:5 000 

Anti-β tubulin (ab18207, Abcam, UK) Rabbit; 1:1 000 

Secondary antibody Host and dilution 

Anti-rabbit Dylight 800 (A23920, Abbkine, China) Goat; 1:5 000 

Anti-mouse Alexa fluor 680 (A21058, Fisher Scientific, UK) Goat; 1:5 000 
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2.4.2.4 Semi-quantitative analysis 

Analysis was performed using ImageJ software 1.53a. A same-size rectangular box was drawn 

around each band and pixel intensity was measured. A box of the same size was also drawn 

above or below each band to measure background pixel intensity. Band intensity was subtracted 

from the background measurements to obtain the intensity value for each protein band. β-actin 

or β-tubulin were used as loading controls. Protein intensity of each band was normalized to the 

loading control in the same protein lane. MCU, VDAC, CS and NCLX were normalized to β-actin 

expression, whilst protein intensity for the OXPHOS complexes was normalized to β-tubulin 

expression. 

2.4.3 Gene expression of mitochondrial calcium channels and citrate synthase 

2.4.3.1 RNA extraction 

DRG, saphenous and sciatic nerves were collected as previously described (see section 2.4.2). 

Samples were placed into gentleMACS M Tubes (Miltenyi Biotec, UK) and kept on ice, to avoid 

RNA degradation. RNA was extracted from samples using TRIzol Reagent (Invitrogen, UK) and 

silica-based columns (PureLink RNA Micro Kit, Invitrogen, UK), following the manufacturer’s 

protocols. Samples were homogenised in 1 ml of TRIzol Reagent. 5 ng/µl of PureLink Carrier RNA 

were added to each tube to increase the final RNA yield. Samples were homogenised using a 

gentleMACS Dissociator (Miltenyi Biotec, UK) and centrifuged at 12 000 rpm for 1 minute. 

Lysates were moved into sterile, nuclease-free 1.5 ml tubes and left to rest at room temperature 

for 5 minutes. 200 µl of chloroform (Invitrogen, UK) were added and tubes were shaken 

vigorously for 5 minutes and incubated at room temperature for 5 minutes. After a 

centrifugation step at 14 000 rpm at 4°C for 15 minutes, the lysates separated into a clear, top 

aqueous layer containing RNA, an interphase and a lower red phenol-chloroform layer, rich in 

proteins and DNA. The aqueous layer was carefully transferred into new sterile, nuclease-free 

1.5 ml tubes and RNA was precipitated by the addition of an equal amount of 70% ethanol 

(Sigma, UK). Samples were vortexed, moved to PureLink Micro Kit Columns and centrifuged at 

14 000 rpm for 1 minute. The flow-through was discarded and spin columns were washed with 

350 µl of Wash Buffer I, followed by a centrifugation step at 14 000 rpm for 1 minute. Spin 

columns were placed into a new collection tube and 20 µl of PureLink DNase solution (10 μl 

PureLink DNase in 10 μl 2X DNase Buffer) were added. After a 15-minute incubation at room 

temperature, spin columns were washed again with 350 µl of Wash Buffer I, followed by a 

centrifugation step at 14 000 rpm for 15 seconds. The flow-through was discarded and spin 

columns were washed with 500 µl of Wash Buffer II, followed by a centrifugation step at 14 000 

rpm for 15 seconds. The flow-through was discarded and the washing step in Wash Buffer II was 
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repeated once again. To ensure that the column membrane was dry, spin columns were 

centrifuged at 14 000 rpm for 1 minute. The columns were placed into recovery tubes and the 

membrane-bound RNA was eluted in 12 µl (nerves) or 22 µl (DRG) of RNAse-free water (Qiagen, 

UK) after an incubation step at room temperature for 1 minute and a 1-minute centrifugation 

at 14 000 rpm. RNA quantity and quality were assessed using a NanoDrop ND-1000 

spectrophotometer (ThermoFisher, UK).  

2.4.3.2 Reverse transcription 

Reverse transcription of RNA was performed using the iScript cDNA Synthesis Kit (Bio-Rad, UK). 

5 µl of master mix solution (4 µl 5X iScript Reaction Mix plus 1 µl iScript Reverse Transcriptase) 

were added to a clean, RNAse-free PCR tube. 1 µg of RNA was added to the tube and the reaction 

volume was brought up to 20 µl with nuclease-free water (Qiagen, UK), thus obtaining a cDNA 

concentration of 50 ng/µl. cDNA synthesis was carried out in a thermal cycler (Applied 

Biosystems, Thermofisher, UK) using the following protocol: priming at 25°C for 5 min; reverse 

transcription at 46°C for 20 min; reverse transcriptase inactivation at 95°C for 1 min; and hold 

at 4°C. Final cDNA concentrations were adjusted to 5 ng/μl using nuclease-free water 

(Qiagen, UK). 
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2.4.3.3 Primer validation 

The oligonucleotide sequences (Sigma, UK) for Mcu, Vdac, Nclx and Cs amplification are shown 

in Table 2-6. Differences in gene expression between saline- and oxaliplatin-treated animals 

were measured through relative quantification by normalisation to two housekeeping genes,  

β-actin (Actb) and Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation 

Protein Zeta (Ywhaz) (Sigma, UK; Table 2-6). Primers for Actb and Ywhaz had already been 

validated by Dr L. de Clauser, who kindly provided them for this investigation. 

Table 2-6 Oligonucleotide sequences for Mcu, Vdac, Nclx, Cs, Actb and Ywhaz amplification 

Primer name Sequence (5’→ 3’) Amplicon length (bp) 

Mcu Forward ATGACGCGCCAGGAATATGT 
164 

Mcu Reverse AGCGGGTCTCTCAGTCTCTT 

Vdac1 Forward GACTGCTGTCAATCTCGCCT 
106 

Vdac1 Reverse GTTCACTTTGGCCGAAAAGC 

Nclx Forward TCCGAGGTGAAGCTGGAAC 
175 

Nclx Reverse TGAGGAGGACCACCACAATGA 

Cs Forward ACCTTACCATCCACAGTGACCAT 
145 

Cs Reverse TGGTTTGCTAGTCCATGCAGAG 

Actb Forward ACCCGCGAGTACAACCTTCTT 
208 

Actb Reverse GACCCATACCCACCATCACAC 

Ywhaz Forward CCACTCCGGACACAGAATATC 
127 

Ywhaz Reverse GCTCCTTGCTCAGTGACAGAC 

 

Primers were designed using Primer-BLAST. Upon reception, primers were dissolved in nuclease-

free water to prepare a 100 μM solution. Primer validation was performed to ensure primer 

specificity and optimal experimental conditions. A qPCR reaction mix was prepared using 5 μl of 

SsoAdvanced Universal SYBR Green Supermix (2x stock; Bio-Rad, UK), 0.5 μl of each forward and 

reverse primer, 3.5 μl of nuclease-free water (Qiagen, UK) and 0.5 μl of cDNA/negative control, 

for a total volume of 10 μl reaction mix. A DRG cDNA sample (5 ng/μl) was used for this validation 

experiment. Three different negative controls were included: a no-reverse transcriptase control 

containing all reagents and a reverse transcribed product synthesised without addition of 

reverse transcriptase, to detect genomic contamination in the RNA products; a no-template 

control containing all reagents except for cDNA, to detect primer dimers; and a genomic DNA 

control, to detect primer binding with genomic DNA. The genomic DNA control (5 ng/μl) was 

obtained from rat muscle tissue and was provided by L. de Clauser. Two reaction mixes were 

prepared for each cDNA/negative control to test two stock concentrations of primers, 2 μM and 

1 μM. The reaction mix was loaded in duplicate in a single 384-well plate (Roche, UK). Plates 

were sealed with an adhesive sealing foil (Roche, UK) and centrifuged at 1 000 rpm for 1 minute 
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to ensure all reagents were at the bottom of the wells. Real-time qPCR was performed using the 

LightCycler 480 (Roche, UK) with the following conditions: preincubation at 95°C for 3 min  

(1 cycle); denaturation at 95°C for 30 s, annealing at 62°C for 30 s and extension at 72°C for 30 s 

(repeat denaturation, annealing and extension steps for 40 cycles); melting at 95°C for 5 s, 65°C 

for 60 s and 95°C continues (melt curve analysis, 1 cycle); and lastly, cooling at 40 °C for 30 s. 

Data analysis was performed using the LightCycler 480 software 1.5.1 (Roche, UK). At the end of 

the qPCR run, the sealing foil was removed and 0.5 μl of TriTrack DNA Loading Dye 6X 

(ThermoFisher, UK) were added to each well for gel electrophoresis. The content of each well 

was loaded onto a 2% (w/v) agarose (Sigma, UK) gel. Samples were run alongside a GeneRuler 

100 bp Plus DNA Ladder (ThermoFisher, UK) at 100 V for 45 minutes. Upon completion of the 

electrophoretic run, the gel was visualised under a UV transilluminator (Syngene, UK). The size 

of the qPCR amplicons was assessed to confirm amplification of the correct target. Negative 

control wells were also evaluated to confirm the lack of amplification. It was concluded that all 

primers were specific for the target genes and their optimal stock concentration was 2 μM. A 

further qPCR experiment was performed to assess the optimal concentration of cDNA for DRG 

and nerve samples. Four total amounts of cDNA were tested: 1, 5, 10 and 20 ng. It was concluded 

that 5 ng of DRG cDNA were sufficient, whereas saphenous and sciatic nerves required 10 ng of 

cDNA to amplify all target genes. 

2.4.3.4 Real-time qPCR 

A qPCR reaction mix was prepared using 5 μl of SsoAdvanced Universal SYBR Green Supermix 

(2x stock; Bio-Rad, UK), 0.5 μl of each forward and reverse primer (2 μM) and 2-3 μl of nuclease-

free water (Qiagen, UK), for a total volume of 8-9 μl reaction mix per cDNA sample. The reaction 

mix was loaded in a 384-well plate (Roche, UK) and 1 μl (DRG) or 2 μl (nerves)of cDNA (5ng/μl 

stock) were added into each well. Samples were loaded in triplicate in a single plate. Three 

different negative controls were included in the plate: a reaction mix containing all reagents 

except for primers, to detect contamination in the reagents; a no-template control containing 

all reagents but no cDNA, to detect primer dimers; and a no-reverse transcriptase control, to 

detect genomic contamination. All negative controls were loaded in triplicate in a single plate 

as well. DRG, sciatic and saphenous nerve samples were loaded onto different plates. Biological 

replicates of each tissue from saline and oxaliplatin treatment groups harvested at the same 

time point (day 7 or peak pain) were loaded onto the same plate. A brain sample from a naïve 

animal was used as positive control. Upon loading completion, plates were sealed with an 

adhesive sealing foil (Roche, UK) and centrifuged at 1 000 rpm for 1 minute to ensure all reagents 

were at the bottom of the wells. Real-time qPCR was performed using the LightCycler 480 

(Roche, UK) using the same conditions described in section 2.4.3.3. 
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As samples were plated in triplicate within a plate, the three Ct values were averaged to provide 

the final Ct value for each sample. Standard deviation between Ct values for each triplicate was 

accepted at ≤ 0.3 and Ct values outside this cut-off value were excluded from average. Relative 

quantification was performed using the 2-ΔΔCt method. Actb and Ywhaz Ct values were averaged 

to obtain a mean housekeeping Ct value.  

ΔCt was calculated as:  

Ct (target gene) - Ct (housekeeping genes average) 

A control ΔCt (saline average) was calculated by averaging the ΔCt values of samples from saline-

treated animals.  

ΔΔCt was then calculated as:  

ΔCt (sample) – ΔCt (saline average).  

The final 2-ΔΔCt value represents the fold-change in gene expression. 

2.5 Statistical analysis  

All statistical analyses were performed with GraphPad Prism 8. Patient data are expressed as 

mean ± standard deviation (SD). All preclinical data are expressed as mean ± standard error of 

the mean (SEM), except for cold allodynia data, which are expressed as median ± interquartile 

range. Statistical significance was accepted at p < 0.05 and no further distinction was made 

between p < 0.01 or p < 0.001.  

The sample size for the clinical investigation had been selected prior to the beginning of this PhD 

project and approved by a research ethics committee. A priori power calculations were not 

performed for the preclinical investigations. In most cases, individual animal cohorts generated 

to characterise this OIPN model’s behaviour or to collect nerve/DRG samples for further 

experiments consisted of 6 animals per group. This was dictated by the testing equipment 

available, which only allowed 6 (i.e. wheels for spontaneous running behaviour) or 12 (i.e. rig 

for mechanical and cold stimulation) animals to be tested at a time. Based on the lab’s previous 

experience with rat models of CIPN, studies including a minimum of 6 animals per group are 

powered enough to detect a significant difference in behaviour between treatment groups. 

Additionally, final behavioural analyses were conducted by collating results from animal cohorts 

tested for the same behavioural response but at different times, thus increasing the sample size, 

and therefore the power of the tests. Electrophysiology investigations were also more powered, 

as sample sizes were based on nerves rather than animals. Lastly, the sample size of 

mitochondrial bioenergetics investigations was limited by COVID-19 restrictions.  
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As data in our studies are approximately normally distributed, parametric tests were selected to 

conduct all statistical analyses, except for the evaluation of cold allodynia development where 

an ordinal scale was employed to score animals, thus requiring a nonparametric test. A repeated 

measures (RM) two-way ANOVA was employed whenever tests were conducted repeatedly 

(with the exception of mechanical hypersensitivity data, see below), with treatment as the 

between-subjects factor. Time was the within-subjects factor for behavioural investigations and 

OCR/ECAR evaluation, while current intensity was the within-subjects factor for 

electrophysiology experiments. Post hoc corrections were only carried out if the initial test 

found a significant main effect or interaction between the two factors. Correction for multiple 

comparisons between saline- and oxaliplatin-treated animals was conducted with Holm-Sidak, 

as the Bonferroni test was deemed overly conservative, especially in case of the large number 

of repeats in the electrophysiology data. Dunnett’s post hoc (or Dunn’s, in case of nonparametric 

test) was employed when saline- and oxaliplatin-treated groups were compared with their 

respective baselines to assess how the behaviour developed over time. Comparisons across two 

unrelated group at a single time point were conducted with unpaired t-tests, whereas 

dependent samples were tested with a paired t-test. When more than two independent groups 

were compared, a one-way ANOVA was used, and a post hoc analysis was conducted in case a 

significant result was obtained in the first place. Some of the experiments described here had 

been performed in other CIPN models (i.e. paclitaxel- and bortezomib-induced peripheral 

neuropathy) previously investigated in the lab by other members of the group. Statistical tests 

and associated post hoc analyses used then were evaluated and only applied when considered 

the most appropriate ones to analyse the data presented here. The statistical tests used to 

analyse specific datasets throughout this thesis are summarised below. 

To assess the weight gain between saline- and oxaliplatin-treated animals during the study, a 

repeated measures (RM) two-way ANOVA with Holm-Sidak post hoc was performed (Figure 4-2). 

To assess the development of mechanical hypersensitivity between saline- and oxaliplatin-

treated animals at each time point, two-tailed multiple-comparison unpaired t-tests with Holm-

Sidak correction were carried out (Figure 4-3, Figure 5-7, Figure 6-1 and Figure 6-7). To assess 

the development of cold allodynia in saline- and oxaliplatin-treated animals, a Friedman test 

(nonparametric equivalent to RM one-way ANOVA) was carried out with Dunn’s post hoc to 

compare scores to their respective baselines in each group (Figure 4-4, Figure 4-5). To assess 

spontaneous wheel running (Figure 4-7) and numbness (Figure 4-8) between saline- and 

oxaliplatin-treated animals, a RM two-way ANOVA with Holm-Sidak post hoc was performed. 

To evaluate the effect of learning on running behaviour, a RM two-way ANOVA with Dunnett’s 

post hoc compared to baseline was performed (Figure 4-7).  
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To assess A-CAP parameters between glucose- and fructose-supplemented bicarbonate, data 

were analysed as follows: peak to peak amplitude, A-CAP area under the curve (AUC) and 

duration were analysed with a RM two-way ANOVA with Holm-Sidak post hoc (Figure 5-3 A-C). 

Area under the curve of the traces for peak to peak amplitude, A-CAP AUC and duration, latency, 

conduction velocity and threshold were analysed with paired two-tailed t-tests (Figure 5-3 D-F 

and inserts A-C). To assess A-CAP parameters between crushed and uncrushed nerves, and 

between saline- and oxaliplatin-treated animals, data were analysed as follows: peak to peak 

amplitude, A-CAP AUC and duration were analysed with a RM two-way ANOVA with Holm-Sidak 

post hoc (Figure 5-5, Figure 5-8 and Figure 5-10 A-C). Area under the curve of the traces for peak 

to peak amplitude, A-CAP AUC and duration, latency, conduction velocity and threshold were 

analysed with unpaired two-tailed t-tests; in case of unequal variances between groups, Welch’s 

correction was performed (Figure 5-5, Figure 5-8 and Figure 5-10 D-F and inserts A-C). To assess 

C-CAP peak amplitude between crushed and uncrushed nerves and between saline- and 

oxaliplatin-treated animals, data were analysed with a RM two-way ANOVA with Holm-Sidak 

post hoc (Figure 5-6, Figure 5-9 and Figure 5-11 A). C-CAP parameters between crushed and 

uncrushed nerves and between saline- and oxaliplatin-treated animals at 0.5, 1.0 and 1.5 mA 

(peak amplitude, C-CAP AUC, duration, latency, conduction velocity and threshold) were 

analysed with unpaired two-tailed t-tests; in case of unequal variances between groups, Welch’s 

correction was performed (Figure 5-6, Figure 5-9 and Figure 5-11 B-G). 

To assess raw OCR and ECAR profiles in dissociated DRG neurons between saline- and 

oxaliplatin-treated animals and between in vitro concentrations of oxaliplatin, data were 

analysed with a RM two-way ANOVA with Holm-Sidak post hoc (Figure 6-2, Figure 6-3, Figure 

6-5 and Figure 6-6 A). To assess basal respiration, ATP turnover, maximal respiration, spare 

reserve capacity, proton leak, basal glycolysis and glycolytic capacity in DRG neurons between 

saline- and oxaliplatin-treated animals, data were analysed with paired two-tailed t-tests.  

A pairwise comparison was carried out as DRG neurons from one saline- and one oxaliplatin-

treated animal were always plated and assessed in parallel in the same multi-well plate (Figure 

6-2, Figure 6-3 B). To assess basal respiration, ATP turnover, maximal respiration, spare reserve 

capacity, proton leak, basal glycolysis and glycolytic capacity in DRG neurons between in vitro 

concentrations of oxaliplatin, data were analysed with a one-way ANOVA with Dunnett’s post 

hoc compared to control (SH medium) (Figure 6-5 B-G and Figure 6-6 B-D). To assess protein 

expression of OXPHOS complexes, MCU, VDAC, NCLX and CS (Figure 6-4, Figure 6-9, Figure 6-10, 

Figure 6-11 and Figure 6-12) and mRNA expression of Mcu, Vdac, Nclx and Cs (Figure 6-8), data 

were analysed with unpaired two-tailed t-tests. 
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 Mitochondrial DNA as predictive biomarker for OIPN 

3.1 Introduction 

Chemotherapy-induced peripheral neuropathy (CIPN) patients commonly report symptoms of 

physical and social distress that negatively impact on their daily life (Bakitas 2007, Speck et al. 

2012). Therefore, it is imperative to develop easy and accessible techniques to early identify 

patients at risk of neuropathy, thus potentially changing the chemotherapy regimen or 

alternatively reducing its dose to alleviate CIPN symptoms. Quantitative sensory testing (QST) 

might be used as a predictor tool for CIPN. A retrospective analysis revealed that head and neck 

cancer patients presented sensory deficits, in particular in touch detection, before receiving 

chemotherapy compared with healthy volunteers (Roldan et al. 2018). Similarly, multiple 

myeloma patients displayed a high incidence of QST deficits before chemotherapy 

administration (baseline) compared with healthy controls (Kosturakis et al. 2014) and measures 

of sharpness and warmth detection at baseline were associated with increased pain and 

numbness later on during the chemotherapy treatment (Vichaya et al. 2013). Several QST 

studies have identified sensory deficits in oxaliplatin-treated patients. In a recent prospective 

study, patients with gastrointestinal malignancies about to start an oxaliplatin treatment were 

assessed for different QSTs before treatment initiation (baseline); at different times during the 

chemotherapy regimen; and 1 year after treatment completion (Reddy et al. 2016). Deficits in 

heat detection and pellet retrieval, the ability to pick up small pellets from adjacent wells, at 

baseline were associated with grade 2-3 chronic neuropathies at 1 year, thus suggesting a 

predictive role for these tests. Nevertheless, the study included a small number of patients and 

its results need to be validated in bigger cohorts (Reddy et al. 2016). Similar subclinical sensory 

deficits were reported prior to treatment initiation in larger cohorts of colorectal cancer (CRC) 

patients compared with healthy volunteers (Boyette-Davis et al. 2012, de Carvalho Barbosa et 

al. 2014, Wang et al. 2016). These deficits predisposed patients to the development of chronic 

oxaliplatin-induced peripheral neuropathy (OIPN) after cumulative doses of oxaliplatin. 

Interestingly, it has been suggested that cancer itself might predispose patients to develop more 

severe neuropathic symptoms after exposure to chemotherapy (de Carvalho Barbosa et al. 

2014, Wang et al. 2016). Different studies have employed the Bumps Detection test, a rapid, 

inexpensive and easy QST, where subjects are asked to detect a small cylinder raised at different 

heights on a smooth surface; the shortest bump height identified represents the tactile 

detection threshold (Kennedy et al. 2011). The test has been suggested as a baseline screening 

tool for the early detection of neuropathy in CRC patients, given the identification of a subclinical 
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deficit in touch detection prior to oxaliplatin administration (Boyette-Davis et al. 2012, de 

Carvalho Barbosa et al. 2014, Wang et al. 2016).  

A genetic screening approach could provide a useful tool to identify patients at risk. For instance, 

genetic screening is already in use in the clinic to prevent severe and lethal toxicity to 

capecitabine in breast cancer patients. The main cause of toxicity is a deficiency in 

dihydropyrimidine dehydrogenase (DPD), a key enzyme in the catabolism of the drug that is 

encoded by DPYD. Up to 5% of patients have no functional DPD and have a significantly higher 

risk of developing severe and potentially lethal toxicity to capecitabine. DPYD genotyping is 

therefore used in some centres to predict capecitabine toxicity based on the presence of the 

most common deleterious polymorphism (Lunenburg et al. 2016, Etienne-Grimaldi et al. 2017). 

A recent systematic meta-analysis identified 36 studies using a pharmacogenomics approach to 

investigate potential predictive markers of OIPN (Cliff et al. 2017). Although the mechanism 

underlying the pathology is not clear yet, most studies have employed a candidate gene 

approach focusing on genes coding for enzymes involved in drug detoxification, sensitivity to 

chemotherapy compounds and DNA repair mechanisms. Overall, there is no real evidence that 

single nucleotide polymorphisms (SNPs) in these genes are actually associated with oxaliplatin 

neurotoxicity, as most results could not be validated or reproduced in further studies (Cliff et al. 

2017). Rather than focusing on a few specific genes, a genome-wide association (GWA) analysis 

allows investigation of hundreds of SNPs at a time. A Korean GWA study reported 9 novel SNPs 

in 8 genes putatively associated with chronic OIPN (Won et al. 2012). However, a further 

retrospective study in a Japanese population showed that only one of the ‘Korean’ SNPs was 

significantly linked to severe OIPN (Oguri et al. 2013). Moreover, another study on a Caucasian 

population aimed at validating the same SNPs failed to confirm their role in chronic OIPN 

(Terrazzino et al. 2015). The inconsistency of results obtained so far highlights the need to 

improve the methodology of pharmacogenomic studies before a genetic screening approach 

can be introduced in the clinic to stratify patients at risk of developing OIPN.  

Mitochondria play many pivotal roles within the cell and alterations to their functionality are 

often associated with pathological states and disorders, including CIPN [reviewed in (Trecarichi 

and Flatters 2019)]. Mitochondrial functionality is regulated for the most part by nuclear genes. 

However, mitochondria possess their own genome, which encodes for 37 essential genes for 

mitochondrial function (see section 1.4.4). Mitochondrial mass, shape and mitochondrial DNA 

(MtDNA) copy number vary among cell types and physiological and/or pathological states. 

Additionally, transcription of mitochondrial genes, and therefore mitochondrial activity, is often 

proportional to MtDNA copy number [reviewed in (Hock and Kralli 2009)]. The mitochondrial 

network is highly dynamic and mitochondrial mass is maintained by the balance between 
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mitochondrial formation (biogenesis) and degradation (mitophagy) and processes of fusion and 

fission (division) [reviewed in (Dominy and Puigserver 2013)]. In particular, biogenesis can be 

induced in states of long-term high-energy demand (i.e. stressful conditions), through a finely 

regulated machinery involving transcription of nuclear and mitochondrial genes, MtDNA 

replication and proteins import within the organelles [reviewed in (Dominy and Puigserver 

2013)]. For instance, in vitro exposure of different cell lines to chemotherapy agents, including 

etoposide, paclitaxel and other microtubule modulators (Arany et al. 2008, Fu et al. 2008, 

Wagner et al. 2008), and oxidative stress (Lee et al. 2000) resulted in increased mitochondrial 

biogenesis. As MtDNA levels can vary in stressful conditions, MtDNA content has been suggested 

as biomarker of mitochondrial dysfunction (Malik and Czajka 2013).  

As the mitochondrial genome is independent of the nuclear one, MtDNA can be quantified by 

assessing the ratio of MtDNA to nuclear DNA (nDNA) through real-time quantitative PCR (qPCR). 

Preclinical evidence generated in our lab using qPCR showed that MtDNA levels were increased 

by 64% in the whole blood of oxaliplatin-treated animals compared with saline-treated controls 

24 hours after treatment cessation and before the appearance of pain-like symptoms [under 

review (Trecarichi et al. 2020)]. This finding suggested that altered MtDNA levels might be 

involved in OIPN development. Conversely, MtDNA levels did not differ from saline-treated 

animals when pain-like behaviour reached the peak of its severity. We did not observe any 

change in Complex I expression or activity between treatment groups at either time point 

investigated. Our hypothesis is that mitochondrial biogenesis and/or MtDNA replication were 

increased to compensate for the oxaliplatin-induced mitochondrial dysfunction. As a result, 

Complex I expression/activity could be restored as well. By comparison, MtDNA levels in the 

blood of paclitaxel- and bortezomib-treated animals did not differ from vehicle-treated controls 

before the appearance of pain-like behaviour and were only increased at the peak pain time 

point. Overall, our results suggested a potential role for MtDNA as blood biomarker for OIPN.  

3.2 Aims 

The aim of this investigation was to assess the feasibility of using MtDNA as blood biomarker to 

predict the susceptibility to OIPN in CRC patients. Whole blood samples were collected from 

oxaliplatin-naïve patients prior to treatment initiation, at different time points during infusion 

cycles and after treatment cessation. DNA was extracted from blood samples and MtDNA levels 

were quantified as MtDNA/nDNA ratio. 
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3.3 Results 

3.3.1 Primers specifically amplify regions in the mitochondrial and nuclear genome 

More than 95% of MtDNA is duplicated in the nuclear genome. Therefore, it is pivotal to select 

primers that avoid the co-amplification of nuclear pseudogenes to accurately quantify MtDNA 

content. Melting curves were checked to ensure specific amplification of the nuclear and 

mitochondrial DNA regions. Both hB2M and hMito primers amplified specific and 

distinguishable regions of DNA, as shown by the two single peaks at approximately 79°C and 

83°C in Figure 3-1.  

 

Figure 3-1 Representative melting curves for MtDNA and nDNA products 

Typical melting curves of nuclear amplicons (in red) show a peak at approximately 79°C, while 

mitochondrial amplicons (in blue) appear as a single peak at approximately 83°C.  

3.3.2 MtDNA levels are heterogenous among patients and time points 

A total of 57 patients were recruited in the study and blood was harvested before treatment 

initiation (T0). Blood was then collected at regular intervals throughout the chemotherapy 

cycles: T1 = after the first cycle of chemotherapy; T2 = approximately after 3 months from the 

beginning of chemotherapy; T3 = approximately after 6 months from the beginning of 

chemotherapy; and T4 = approximately after 3 months from completion of chemotherapy (see 

section 2.1.2). Collection of blood at these later time points was not always feasible and the final 

sample sizes for data analysis were as follows: T1 n = 51; T2 n = 37; T3 n = 20; and T4 n = 11. 

Figure 3-2 A illustrates the distribution of MtDNA levels (expressed as MtDNA/nDNA ratio) 

across the different time points investigated. Mean MtDNA content was similar at all time 

points, as shown in Table 3-1. 
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Table 3-1 Mean MtDNA content at different time points in the study 

Time point  MtDNA content (mean ± SD) 

T0 30.01 ± 24.46 

T1 28.33 ± 18.03 

T2 25.67 ± 15.61 

T3 27.76 ± 18.00 

T4 27.64 ± 18.47 

 

However, results showed a high level of heterogeneity among patients, with MtDNA copy 

numbers ranging from values close to 0 to a maximum of 146.3 (at T0). Figure 3-2 B represents 

individual MtDNA contents over time. Whilst in some cases MtDNA levels were relatively stable 

across time points, some patients displayed highly variable MtDNA levels from one time point 

to the other, thus suggesting that MtDNA copy number might be altered after treatment. 

However, access to patient data is required in order to confirm this hypothesis.  
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Figure 3-2 MtDNA levels in oxaliplatin-treated patients prior to, during and after the chemotherapy 

regimen 

(A) MtDNA levels in patient blood at all time points investigated. Data are represented as mean ± SD. (B) 

MtDNA levels of individual patients over time. T0 n = 57; T1 n = 51; T2 n = 37; T3 n = 20; and T4 n = 11.  
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3.4 Discussion 

MtDNA was investigated as a potential blood biomarker for OIPN in colorectal cancer patients. 

This study was based on our preclinical data showing increased MtDNA content in the whole 

blood of oxaliplatin-treated animals before the appearance of pain-like symptoms. MtDNA 

levels were successfully quantified in terms of MtDNA/nDNA ratio using qPCR. We observed a 

high degree of heterogeneity among patients at all time points investigated and, at times, 

throughout the course of the chemotherapy regimen. The variability observed here (e.g. MtDNA 

levels range at T0: 0 to 146, with an average (± SD) of 30 ± 25) was not unexpected and is indeed 

consistent with findings from other studies that used the same MtDNA quantification protocol 

described in this chapter (Czajka et al. 2015, Malik et al. 2015, Rosa et al. 2020). For instance, 

Rosa et al. investigated the MtDNA/nDNA ratio in the whole blood of 23 healthy controls and 

observed that MtDNA content ranged from 50 to 171, with a mean ratio of 84 ± 29 (Rosa et al. 

2020). Additionally, the evaluation of 20 diabetic patients revealed similar results, with 

MtDNA/nDNA levels ranging from 35 to 138, with a mean ratio of 82 ± 25. However, it is worth 

mentioning that comparing our study with these results is not entirely appropriate, as MtDNA 

levels in the blood are heavily influenced by the pathological state, which differs between our 

study population and Rosa’s. In addition, our investigation did not include healthy controls. 

Being able to compare our results with data from colorectal cancer patients would be the ideal 

scenario, as cancer itself is responsible for changes in MtDNA content. For instance, MtDNA 

levels in peripheral blood lymphocytes were significantly higher in chemotherapy-naïve 

colorectal cancer patients (range, 0.46 to 3.37, with a median of 1.03) compared with matched 

healthy controls (range, 0.48 to 3.06, with a median of 0.86) (Qu et al. 2011). Nevertheless, the 

use of different sample types, DNA isolation techniques, primers and analysis methods hinders 

the ability to draw any comparison between our investigation and the work by Qu and 

colleagues. Unfortunately, this issue applies to the whole range of studies evaluting MtDNA 

content, not only in cancer states, but in a wide variety of physiological and pathological 

conditions, and raises a bigger concern about the actual clinical utility of such studies in the 

absence of standardised protocols. As a result, standard levels of MtDNA in human blood have 

not yet been determined, despite the numerous studies conducted in the field (Rosa et al. 2020). 

Patient recruitment for this study was completed in February 2020. All blood samples harvested 

from each patient were processed and data analysis was completed as well. After the first blood 

harvest at T0, it was not possible to collect blood samples at each time point for all patients. 

Firstly, patients recruited towards the end of the study had only just begun their chemotherapy 

regimen and further time points were not available. Secondly, other factors might have affected 

the collection of samples, including noncompliance with the therapy, withdrawal of consent to 
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participate to the study or death. Access to patient data, including neuropathy and pain scores 

from self-report questionnaires, chemotherapy regimen, compliance with therapy and 

withdrawal from study, could not be obtained because of COVID-19. Indeed, the pandemic took 

a heavy toll on the clinical team at the Royal Marsden Hospital and research work was 

postponed. Because of this, we cannot draw any conclusions from the results reported here. 

Access to the clinical database will be gained in the future and will inform us on the predictive 

role of MtDNA to identify patients susceptible to OIPN. MtDNA content at T0 will be compared 

between patients that developed OIPN over the course of the treatment to that of patients who 

did not develop the neuropathy. In addition, we will evaluate whether changes in MtDNA 

content after a single cycle of oxaliplatin (T1) correlated with neuropathy development. Later 

time points (T2-T4) will be useful to gain a better insight into the mechanisms leading to OIPN, 

specifically the mitochondrial involvement. If an association between MtDNA and neuropathy 

development is found, MtDNA content could represent an easy and feasible prediction tool to 

provide clinicians with more information on potential tolerability to oxaliplatin, thus improving 

patient quality of life. Although the small sample size of this study will prevent us from drawing 

any final conclusion, the results could help to design a larger case-controlled study in the future. 

Malik et al. proposed that increased MtDNA levels are reflective of an upregulated 

mitochondrial biogenesis in the presence of a ROS-rich cellular environment (Malik and Czajka 

2013). For instance, MtDNA levels in breast cancer patients’ whole blood were inversely 

associated with antioxidant enzymes activity (Shen et al. 2010). ROS overproduction and poor 

antioxidant responses have been reported following oxaliplatin treatment (Di Cesare Mannelli 

et al. 2012, Janes et al. 2013, Toyama et al. 2014, Waseem et al. 2016, Areti et al. 2017a, Areti 

et al. 2017b, Areti et al. 2018). ROS are known potent mutagenic agents and MtDNA location in 

the mitochondrial matrix renders it extremely susceptible to oxidative damage. Additionally, 

oxaliplatin itself could also have a damaging effect on MtDNA. Oxaliplatin, like all members of 

the platinum compounds family, exerts its action by creating cross-links within the DNA, both 

nuclear and mitochondrial, and eventually leads to cell death. MtDNA is particularly susceptible 

to the formation of Pt-DNA adducts, as MtDNA repair mechanisms are not as efficient as those 

involved in nDNA damage. A direct damaging effect of platinum compounds on MtDNA has been 

in fact reported in the literature. For instance, cisplatin intercalated into the MtDNA in rat DRG 

neurons and inhibited its replication and transcription, which resulted in mitochondrial 

morphological abnormalities (Podratz et al. 2011). In human cancer cell lines, cisplatin induced 

MtDNA mutations, which impaired OXPHOS (Girolimetti et al. 2017). Oxaliplatin intrinsic 

mechanism of action might explain our preclinical observations, where oxaliplatin-treated rats 

displayed an early increase (64%) in MtDNA content compared with saline-treated controls 24 
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hours after the last oxaliplatin administration. Conversely, paclitaxel and bortezomib, whose 

mechanisms of action do not involve DNA cross-linking, did not alter MtDNA levels immediately 

after treatment cessation [under review (Trecarichi et al. 2020)]. The accumulation of ROS- and 

Pt-induced MtDNA lesions are likely to affect mitochondrial protein synthesis and functionality 

and to then aggravate mitochondrial dysfunction and ROS production. For instance, mutations 

in MtDNA have been associated with increased ROS production and the development of age-

related diseases [reviewed in (Hahn and Zuryn 2019)]. In case of a persistently stressful 

environment, damaged MtDNA might lead to apoptosis and to the subsequent release of cell 

contents into the bloodstream (Malik 2018). 

To our knowledge, MtDNA has never been investigated as biomarker for OIPN or CIPN in general. 

Altered MtDNA levels in peripheral blood and other bodily fluids were reported in many diseases 

and conditions [reviewed in (Malik and Czajka 2013, Castellani et al. 2020)]. MtDNA content was 

suggested as prognostic or diagnostic biomarker for HIV (Cossarizza et al. 2003, Chêne et al. 

2007), diabetes (Xu et al. 2012), diabetic nephropathy and retinopathy (Malik et al. 2009, Malik 

et al. 2015), Parkinson’s disease (Pyle et al. 2016), cardiac arrest (Arnalich et al. 2012), 

pulmonary embolism (Arnalich et al. 2013) and asthenospermia (Kao et al. 2004). Additionally, 

changes in MtDNA levels were observed following exposure to chemicals and toxins such as low-

dose benzene (Carugno et al. 2012), cigarette smoke (Masayesva et al. 2006), herbicides (Lim et 

al. 2009) and pesticides (Budnik et al. 2013). Interestingly, cancer itself was associated with 

altered MtDNA content. Increased MtDNA levels were observed in the saliva of head and neck 

squamous cell carcinoma patients (Jiang et al. 2005), in the serum of testicular cancer patients 

(Ellinger et al. 2009) and in the cerebrospinal fluid cells of acute lymphoblastic leukaemia 

patients. Increased MtDNA levels in peripheral blood predisposed patients to higher risk of non-

Hodgkin lymphoma (Lan et al. 2008), breast (Shen et al. 2010), pancreatic (Lynch et al. 2011), 

lung (Hosgood III et al. 2010) and colorectal cancer (Qu et al. 2011); increased MtDNA content 

in the plasma of advanced prostate cancer patients was associated with poor 2-year survival 

(Mehra et al. 2007); and increased MtDNA levels in the sputum were linked to higher risk of lung 

cancer (Bonner et al. 2009). Conversely, decreased MtDNA levels in peripheral blood were found 

in stage I breast cancer (Xia et al. 2009) and hepatocellular carcinoma patients (Zhao et al. 2011) 

and were associated with increased risk of renal cell carcinoma (Xing et al. 2008). The abundance 

of conflicting results on whether pathological states are associated with an increase rather than 

a decrease, or vice versa, in MtDNA levels could be partly explained by the technical differences 

in the methodology employed to isolate and quantify MtDNA [reviewed in (Malik and Czajka 

2013)]. Particular attention must be paid to the design of primers for MtDNA to avoid co-

amplification of nuclear genes. However, several studies amplified mitochondrial genes that are 
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also expressed in nuclear DNA. Similarly, amplification of nuclear DNA should avoid genes that 

are present in the nuclear genome as pseudogenes or are highly repetitive, as their amplification 

would not provide an accurate copy number quantification (Malik et al. 2011). To avoid these 

issues, we used primers that Malik and colleagues designed to amplify the mitochondrial 

sequence least similar to nuclear DNA and a unique nuclear region that was not repeated in the 

rest of the genome (Malik et al. 2011). 

3.5 Conclusions 

In conclusion, this clinical investigation showed that MtDNA levels can be quantified as 

MtDNA/nDNA ratio in the whole blood of colorectal cancer patients using specific primers that 

amplify unique regions of the nuclear and mitochondrial genomes. MtDNA content was highly 

variable among patients and over time. Upon obtaining access to patient data, it will be possible 

to understand whether altered MtDNA levels correlate with increased risk of developing OIPN. 

In case of a positive correlation, MtDNA content might provide a non-invasive prediction tool, 

which could be easily introduced in the clinic (i.e. blood is already harvested from patients 

before chemotherapy initiation) and help oncologists select a more adequate treatment 

approach for patients susceptible to OIPN development. 
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 Behavioural characterisation 

4.1 Introduction 

Over the years, many animal models of chemotherapy-induced peripheral neuropathy (CIPN) 

have been developed to investigate the causal mechanisms of the neuropathy and potential 

treatment strategies [reviewed in (Hopkins et al. 2016)]. A recent systematic review identified 

183 models of CIPN based on species, strain, gender and chemotherapy, which have been 

repeatedly reported in the literature (Gadgil et al. 2019). In most cases, the development of CIPN 

is evaluated through behavioural tests that induce sensory pain-like symptoms to mechanical 

and thermal stimuli. In fewer cases, more complex behaviours are evaluated, including 

burrowing activity, conditioned place preference and thermal place preference, which allow to 

evaluate volunteer responses instead of a simple reflex. Additionally, a small number of models 

involve assessment of motor function, memory, reward and attention. The most common pain-

like outcome is hypersensitivity to mechanical stimuli, particularly to von Frey filaments. The 

second most common outcome is cold-induced limb withdrawal, most frequently generated by 

exposure to cold-inducing compounds like acetone or menthol (Currie et al. 2019). The vast 

majority of studies on oxaliplatin-induced peripheral neuropathy (OIPN) are conducted in male 

rodents, without the presence of any tumour load. Clinically, OIPN appears in two distinct forms: 

acute OIPN develops early, during or after treatment, and is usually reversible. Patients often 

report paresthesias and dysesthesias in their hands and feet and in the perioral region, and 

difficulty in breathing and swallowing may occur. A typical symptom of acute OIPN is the 

development of acute cold allodynia within hours of oxaliplatin infusion. This side effect often 

lasts several days but resolves between infusion cycles. However, as the number of cycles 

increases, so does the duration of this cold hypersensitivity and cold-triggered symptoms take 

longer to disappear. On the other hand, chronic OIPN develops progressively with cumulative 

doses of oxaliplatin and may persist for months after treatment cessation (Pasetto et al. 2006, 

Argyriou et al. 2008). Based on the oxaliplatin treatment regimen (single or repeated 

administration), preclinical models reproduce both the acute and chronic OIPN syndromes, 

mostly measured in terms of mechanical and thermal hypersensitivity [reviewed in (Hopkins et 

al. 2016)].  

A systemic administration of low-dose oxaliplatin at 2 mg/kg on four alternate days has proven 

to lead to the progressive development of mechanical hypersensitivity that persisted long after 

treatment completion (Boyette-Davis and Dougherty 2011). The intermittent administration of 

oxaliplatin mimics the clinical treatment schedule, where patients receive oxaliplatin cycles 

every 2/3 weeks. Another low-dose regimen (2 mg/kg on five consecutive days) resulted in the 
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concomitant development of mechanical hypersensitivity (Zheng et al. 2011, Xiao et al. 2012) 

and cold allodynia, which persisted for approximately ten weeks after oxaliplatin administration 

(Xiao et al. 2012). Additionally, these dosing schedules only impacted weight gain slightly and 

weight gain rates between oxaliplatin- and vehicle-treated animals were similar upon treatment 

completion (Boyette-Davis and Dougherty 2011, Xiao et al. 2012). Importantly, a 10 mg/kg 

cumulative dose did not lead to animal death (Xiao et al. 2012). Therefore, it proved that a low-

dose regimen is sufficient to produce a chronic peripheral neuropathy comparable to the clinical 

syndrome, without developing the toxicities such as ascites, alopecia, abdominal bloating, 

peritoneal inflammation, reduced motor strength, weight loss/reduced weight gain and, in some 

cases, death, observed at higher doses (29.6-48.0 mg/kg) (Holmes et al. 1998, Cavaletti et al. 

2001, Jamieson et al. 2005, Ling et al. 2007a, Sakurai et al. 2009).  

Spontaneous or ongoing pain and numbness in hands/feet are the most common symptoms 

reported by CIPN patients. However, measuring such symptoms in preclinical models is a 

challenging task, as clinical evaluation of this side effects relies on verbal reports. Recently, an 

increasing number of preclinical studies are employing ethological behaviour assessments, 

including burrowing behaviour and spontaneous wheel running. However, we are not aware of 

studies that have investigated these behaviours in OIPN models. These tests rely on the 

evaluation of normal animal behaviour and assume that any deficit observed in natural 

behaviour can be an indicator of ongoing pain. Wheel running is observed not only in laboratory 

animals, but also in wild rodents when wheels are placed in their natural habitats (Meijer and 

Robbers 2014). The use of a wheel apparatus connected to a recording software allows to 

observe spontaneous running behaviour continuously, for instance overnight, when rats are 

most active and carry out most of their running activity (Eikelboom and Mills 1988). Additionally, 

the voluntary behaviour can be quantified objectively, as there is no need for the experimenter 

to be present, and in a stress-free environment, as wheels are placed in the animal home-cage 

or a similar environment. Using different paradigms of wheel access and activity recording, 

deficits in spontaneous wheel running have been reported in a variety of painful conditions, 

including neuropathic (Whitehead et al. 2017, Griffiths et al. 2018) and inflammatory pain 

(Cobos et al. 2012, Grace et al. 2014, Kandasamy et al. 2016), osteoarthritis (Stevenson et al. 

2011) and migraine pain (Kandasamy et al. 2017).  

Numbness is not typically assessed in preclinical models of pain, but one research group has 

reported sensory deficits in a mouse model of cisplatin-induced neuropathy (Mao-Ying et al. 

2014, Krukowski et al. 2017, Maj et al. 2017). The test used to evaluate loss of sensation was the 

adhesive removal test, which was initially developed by Schallert and colleagues (1982) to 

evaluate somatosensory and motor function deficits following unilateral nigrostriatal damage. 
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Performance of the test is relatively easy: adhesive labels are applied to different body parts of 

the animals and the time required to notice the label and remove it is recorded. Ever since its 

development, the adhesive removal test has been successfully used in several models of brain 

injury or disorders and it would be useful to test its effectiveness in assessing sensory loss in 

peripheral neuropathies as well. 

4.2 Aims  

The aim of these studies was to develop the skills to investigate and characterise different 

behavioural responses of a rat model of OIPN that had been used in the lab in the past, although 

only the time course of mechanical hypersensitivity had been established then. Rats received 

intraperitoneal injections of oxaliplatin or saline and were assessed for the development of 

mechanical hypersensitivity through von Frey testing. Further characterisation of the model 

included the evaluation of cold allodynia (i.e. acetone test) and of ongoing pain, which was 

investigated through the quantification of spontaneous wheel running behaviour. Additionally, 

the adhesive removal test was tested for its potential use as a behavioural task indicative of 

numbness development following oxaliplatin treatment. 

4.3 Results  

4.3.1 Mechanical hypersensitivity  

Animals received intraperitoneal (IP) administration of 2 mg/kg oxaliplatin or saline (see section 

2.2.2) and the development of mechanical hypersensitivity to von Frey filaments was measured 

as described in section 2.2.4.1. Animals were divided into two groups of approximately equal 

average baseline von Frey responses, and the two groups were randomly allocated to saline or 

oxaliplatin treatment. Testing was performed under blind conditions for the entire duration of 

the study, until the peak pain time point was reached. Based on previous reports from the lab, 

oxaliplatin-treated animals reach the peak of their pain-like behaviour approximately 4/5 weeks 

after treatment initiation. Therefore, animals were tested weekly on days 7, 12-14, 19-20, 28 

and 31-34 (animals from different cohorts were tested on different days, but always once a 

week). Mechanical hypersensitivity became evident around day 12-14 and developed 

progressively, until it reached its peak at day 28-34. Animals were allocated to further 

experiments (see Chapter 5 and Chapter 6) at day 7 or at the peak of their mechanical sensitivity 

(Figure 4-1). Hence, they were not tested beyond the peak pain time point.  
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Figure 4-1 Allocation of saline- and oxaliplatin-treated animals to experiments 

A total of 31 saline-treated animals and 31 oxaliplatin-treated animals were tested for mechanical 

hypersensitivity (as shown in Figure 4-3) and allocated to experiments investigating electrophysiological 

activity and mitochondrial properties, which are described in further chapters. (A) Saline-treated animals 

culled at day 7. (B) Oxaliplatin-treated animals culled at day 7. (C) Saline-treated animals culled at peak 

pain (day 28-34). (D) Oxaliplatin-treated animals culled at peak pain (day 28-34). (A-D) Figure 5-7 includes 

a total of 17 saline-treated animals (10 animals were culled at day 7 and 7 animals were culled at peak 

pain) and 18 oxaliplatin-treated animals (10 animals were culled at day 7 and 8 animals were culled at 

peak pain). Figure 6-1 includes a total of 9 saline-treated animals and 9 oxaliplatin-treated animals culled 

at day 7 (4 animals/group were used for the Seahorse assay and 5 animals/group were used for the 

quantification of Complex I-V expression). Figure 6-7 includes 17 saline-treated animals (11 animals were 

culled at day 7 and 6 animals were culled at peak pain) and 18 oxaliplatin-treated animals (11animals were 

culled at day 7 and 7 animals were culled at peak pain). *Additionally, Figure 6-7 comprises 21 

animals/group from 5 additional cohorts previously tested in the lab by Dr N. Duggett (saline day 7 n = 10; 

oxaliplatin day 7 n = 10; saline peak pain n = 11; oxaliplatin peak pain n = 11), for a total of 38 saline-

treated animals and 39 oxaliplatin-treated animals.  

Animal weight gain and general health were monitored throughout the study. There was no 

significant difference in weight gain between saline- and oxaliplatin-treated animals (Figure 4-2, 

ns RM two-way ANOVA, saline n = 5, oxaliplatin n = 5), and animals administered with oxaliplatin 

did not show any sign of ill health, like weight loss, alopecia or dullness.  
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Figure 4-2 Weight gain in saline- and oxaliplatin-treated animals 

Animals were weighed before treatment administration and regularly throughout the study. (A) and (B) 

represent the weight gain from two separate cohorts of animals run at different times. Data are expressed 

as mean ± SEM. Data were analysed with RM two-way ANOVA. Saline n = 5; oxaliplatin n = 5. Arrows 

indicate the administration of saline/oxaliplatin on four alternate days (0, 2, 4 and 6). 

The use of increasing bending forces allows to discriminate between allodynic and hyperalgesic 

responses. Withdrawal responses to 4 g filaments are indicative of mechanical allodynia, as 

naïve rats rarely respond to this innocuous stimulus (< 5% of the times) (Figure 4-3 A). By 

contrast, approximately 30% of the times, normal rats respond to the 15 g stimulus. Therefore, 

withdrawal responses to 15 g filaments are indicative of mechanical hyperalgesia (Figure 4-3 C). 

Lastly, the 8 g force is an intermediate stimulus, as rats respond to it approximately 15% of the 

times (Figure 4-3 B). Figure 4-3 illustrates changes in mechanical hypersensitivity for all the 

animals tested by A. Trecarichi that were included in further studies discussed in this thesis (see 

Figure 4-1). Upon application of the 4 g filament, there was no difference in paw withdrawal 

responses between saline- and oxaliplatin-treated animals at day 7, 24 hours after the last 

oxaliplatin administration (Figure 4-3 A, ns two-tailed multiple-comparison unpaired t-tests with 

Holm-Sidak correction, saline n = 31, oxaliplatin n = 31). At peak pain (day 28-34), the oxaliplatin-

treated group displayed a mean 5.3-fold increase in withdrawal frequency compared with the 

saline-treated controls. However, this finding did not reach statistical significance (Figure 4-3 A, 

ns two-tailed multiple-comparison unpaired t-tests, saline n = 8, oxaliplatin n = 9). Upon 

application of the 8 g filament, oxaliplatin-treated animals showed a mean 1.5-fold increase in 

paw withdrawal responses compared with saline-treated animals at day 7 (Figure 4-3 B, ns two-

tailed multiple-comparison unpaired t-tests with Holm-Sidak correction, saline n = 31, oxaliplatin 

n = 31). At the peak pain time point (day 28-34), oxaliplatin-treated animals exhibited a 

significant 2.3-fold increase in paw withdrawal responses compared with saline-treated controls 

(Figure 4-3 B, *p < 0.05 two-tailed multiple-comparison unpaired t-tests with Holm-Sidak 

correction, saline n = 8, oxaliplatin n = 9). Similarly, paw withdrawal responses to 15 g filaments 

were slightly increased by 1.2-fold at day 7 following oxaliplatin administration, compared with 

A B 
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concurrent saline-treated control rats (Figure 4-3 C, ns two-tailed multiple-comparison unpaired 

t-tests, saline n = 31, oxaliplatin n = 31). At the peak pain time point (day 28-34), oxaliplatin 

treatment resulted in a significant 2.4-fold increase in paw withdrawal responses compared with 

the control group (Figure 4-3 C, *p < 0.05 two-tailed multiple-comparison unpaired t-tests with 

Holm-Sidak correction, saline n = 8, oxaliplatin n = 9).  

As not all the animals had been tested after day 7, and therefore the number of repeated 

observations was not equal among animals, a RM two-way ANOVA could not be performed to 

analyse the entire cohort tested for mechanical hypersensitivity. However, a RM two-way 

ANOVA was conducted to analyse the time course of mechanical hypersensitivity between the 

saline- and oxaliplatin-treated animals that got tested until they reached the peak pain time 

point. The analysis failed to identify a significant difference between treatment groups over time 

in response to 4 g filaments (ns, RM two-way ANOVA, saline n = 8, oxaliplatin n = 9). A significant 

‘time x treatment’ interaction was revealed at 8 g (F(2,30) = 4.652, p = 0.0174, RM two-way 

ANOVA, saline n = 8, oxaliplatin n = 9), whilst time and treatment main effects were not 

significant. A simple effect analysis with Sidak post hoc to adjust for multiple comparisons 

identified a significant difference (p = 0.012) between saline- and oxaliplatin-treated animals at 

the peak pain time point (day 28-34). Lastly, a significant ‘time x treatment’ interaction was 

observed at 15 g as well (F(2,30) = 7.708, p = 0.0020, RM two-way ANOVA, saline n = 8, oxaliplatin 

n = 9), and a simple effect analysis with Sidak post hoc confirmed a significant (p < 0.01) 

difference between treatment groups at peak pain (day 28-34). Treatment alone had no 

significant effect. The main effect of time resulted statistically significant (F(2,30) = 6.058,  

p = 0.0062, RM two-way ANOVA, saline = 8, oxaliplatin n = 9). Nevertheless, this main effect was 

not considered meaningful, given that a significant interaction of time and treatment was 

observed (i.e. the oxaliplatin-treated group displayed increased mechanical hypersensitivity 

over time, whilst saline-treatment animals did not). 
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Figure 4-3 Mechanical hypersensitivity to von Frey filaments in saline- and oxaliplatin-treated animals 

Mechanical hypersensitivity to 4 g (A), 8 g (B) and 15 g (C) von Frey filaments, expressed as number of 

withdrawals to 10 stimuli in total. Baseline and day 7: saline n = 31, oxaliplatin n = 31; peak pain (day 28-

34): saline n = 8, oxaliplatin n = 9. Data are expressed as mean ± SEM. *p < 0.05, two-tailed multiple-

comparison unpaired t-tests with Holm-Sidak correction. 
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4.3.2 Cold allodynia 

The development of cold allodynia following the intermittent IP administration of 2 mg/kg 

oxaliplatin was investigated. A cold sensation was generated by the application of acetone to 

the hind paws, as described in section 2.2.4.2. Cold allodynia was assessed in three separate 

cohorts of animals, which have been pooled together in Figure 4-4. Animals in the first cohort 

were divided into two groups of almost equal average baseline cold scores, which were then 

randomly allocated to saline or oxaliplatin treatment. Animals from the remaining two cohorts 

were also tested for spontaneous running activity: animals had access to a running wheel 

overnight and were split into two groups that ran almost equally on the wheels during their 

baseline testing (see section 2.2.4.3). The two groups were randomly assigned to oxaliplatin or 

saline treatment administration. Animals were tested for cold allodynia weekly, under blind 

conditions, until the peak pain endpoint was reached. Based on previous findings on OIPN rat 

models, cold hypersensitivity development follows a similar time course to mechanical 

hypersensitivity. There was no difference in cold scores between oxaliplatin-treated animals and 

saline-treated controls (Figure 4-4, ns Friedman test, saline n = 17, oxaliplatin n = 17). As the 

analysis is nonparametric, the error bars appear larger than what is usually expected from a 

parametric analysis.  

 

Figure 4-4 Cold allodynia in saline- and oxaliplatin-treated animals 

Time course of cold allodynia in response to acetone application, expressed using a cold score (0 = no 

response, 18 = maximal response). Data are expressed as median ± interquartile range. Data were 

analysed with the Friedman test. Saline n = 17; oxaliplatin n = 17. BL = baseline. Arrows indicate the 

administration of saline/oxaliplatin on four alternate days (0, 2, 4 and 6). 
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The experimenter had no previous experience in performing the acetone test. It is then possible 

that the animals’ responses were scored differently within and among cohorts. For instance, 

cold scores at the beginning of the testing may have been assigned differently compared with 

further time points, as more experience was gained in discerning cold-induced responses from 

normal behaviour (e.g. moving around the cage or grooming). To remove any potential baseline-

scoring variability from the analysis, a difference score was generated by subtracting the 

baseline response from its respective cold score at any other time point. Difference scores > 0 

represent an increase in cold-induced responses compared to baseline, whereas scores < 0 

reflect a decrease relatively to baseline. Animals from the two treatment groups displayed 

opposite trends in their average difference scores: saline-treated animals exhibited higher cold 

scores throughout the study, while oxaliplatin-treated animals were characterised by a 

reduction in cold-induced responses at day 21 and 28 (Figure 4-5). Nevertheless, there was a 

high level of interindividual variability at all time points and differences in cold scores compared 

to baseline were not significant in either treatment group (Figure 4-5, ns Friedman test, saline  

n = 17, oxaliplatin n = 17).  

 

Figure 4-5 Difference score for cold allodynia in saline- and oxaliplatin-treated animals 

Time course of cold allodynia in response to acetone application, expressed using a difference score (cold 

score at any time point – baseline cold score). Data are expressed as mean ± SEM. Data were analysed 

with the Friedman test. Saline n = 17; oxaliplatin n = 17. BL = baseline. Arrows indicate the administration 

of saline/oxaliplatin on four alternate days (0, 2, 4 and 6). 
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To better evaluate the interindividual variability of cold scores and to understand whether 

animals could be categorised as high and low ‘responders’, individual responses for each animal 

included in the investigation have been displayed in Figure 4-6. Cold-induced responses were 

characterised by a wide spread of data and animals did not cluster into clearly distinct low- and 

high-score subpopulations. Given the high variability and the lack of significant differences 

between the saline and oxaliplatin groups, results from this investigation on cold allodynia were 

considered inconclusive. 

 

 

Figure 4-6 Individual cold allodynia responses in saline- and oxaliplatin-treated animals 

Time course of cold allodynia in response to acetone application, expressed using a cold score (0 = no 

response, 18 = maximal response). Dots represent individual cold-induced responses, while lines 

represent the median ± interquartile range. Saline n = 17; oxaliplatin n = 17. BL = baseline. Arrows indicate 

the administration of saline/oxaliplatin on four alternate days (0, 2, 4 and 6).  

4.3.3 Spontaneous running behaviour 

To investigate whether oxaliplatin has any effect on spontaneous behaviour, animals were 

placed in activity wheel cages, as described in section 2.2.4.3. Their running activity was 

measured overnight, when animals are most active. Animals were divided into two groups that 

ran around the same average distance at baseline, and the two groups were randomly allocated 

to saline or oxaliplatin treatment. The random allocation of animals to their treatment group 

based on the average distance run at baseline ensured a similar distribution across groups and 

saline- and oxaliplatin-treated animals displayed similar baseline values for all parameters 

assessed (Table 4-1).  

  



120 

Table 4-1 Baseline measurements of parameters assessed for spontaneous wheel running behaviour 

 
Saline (mean ± SEM)  
n = 11 

Oxaliplatin (mean ± SEM) 
n = 11 

Total distance (m) 458.0 ± 56.3 418.3 ± 61.4 

Mean speed (m/min) 17.1 ± 2.0 14.3 ± 0.9 

Maximus speed (m/min) 36.3 ± 2.0 33.9 ± 2.9 

Maximum acceleration (m/(min*s)) 7.4 ± 0.6 6.9 ± 0.6 

Access count 432.4 ± 47.3 452.3 ± 68.7 

Active time (s) 1 726.4 ± 187.6 1 559.2 ± 200.9 

 

Animals were tested weekly under blind conditions, until the peak pain endpoint was reached 

at day 28-34. Results were pooled from two cohorts of animals tested at different times. The 

same animals were tested for cold allodynia, as described in section 4.3.2. No confirmation of 

mechanical hypersensitivity development was carried out to avoid testing the animals with too 

many test modalities at the same time; indeed, excessive testing may cause unnecessary stress 

for the animals and affect their behaviour. The running parameters assessed were total distance 

run (Figure 4-7 A), mean speed (Figure 4-7 B), maximum speed (Figure 4-7 C), maximum 

acceleration (Figure 4-7 D), wheel access count (i.e. number of times the animal accessed the 

wheel; Figure 4-7 E) and total active time (i.e. time spent on the wheel; Figure 4-7 F). At any time 

point, there was no significant difference in any of the parameters investigated between 

oxaliplatin- and saline-treated animals (Figure 4-7, ns RM two-way ANOVA, saline n = 11, 

oxaliplatin n = 11).  

Previous evidence from the lab (Duggett and Flatters 2017, Griffiths et al. 2018) suggested that 

baseline values are variable among animals and would then affect further time points 

recordings. For this reason, previous data were analysed using a RM ANCOVA analysis, where 

baseline measurements were defined as covariates in the experiment and accounted for as such. 

Nevertheless, ANCOVA analysis was not deemed the appropriate test for the data generated for 

this OIPN model. First of all, the data here failed to meet the homogeneity of regression slopes 

assumption that is essential for an ANCOVA analysis. This suggested that the relationship 

between the covariate (baseline measurement) and the dependent variable (each of the running 

parameters assessed) was not the same between treatments. Therefore, results from an 

ANCOVA analysis would be incorrect or misleading. Secondly, average baseline values and their 

variability were similar between treatment groups (Table 4-1), and therefore it was not deemed 

necessary to treat baseline recordings as covariates in this study.  
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At day 7, animals spent more time on the wheels compared with their respective baselines. 

Oxaliplatin-treated animals accessed the wheels approximately 100 times more than baseline 

and ran a significantly longer distance of 714 ± 110 m compared with the 418 ± 61 m ran at 

baseline (mean ± SEM) (Figure 4-7 A, *p < 0.05 RM two-way ANOVA with Dunnett’s post hoc 

compared to baseline, saline n = 11, oxaliplatin n = 11). Maximum speed was also increased at 

day 7, and mean speed and maximum acceleration were significantly higher than baseline 

(Figure 4-7 B, D, *p < 0.05 RM two-way ANOVA with Dunnett’s post hoc compared to baseline, 

saline n = 11, oxaliplatin n = 11). At day 14, the total distance ran by oxaliplatin-treated animals 

was still significantly longer than baseline (Figure 4-7 A, *p < 0.05 RM two-way ANOVA with 

Dunnett’s post hoc compared to baseline, saline n = 11, oxaliplatin n = 11). Additionally, speed 

and acceleration parameters were significantly increased from baseline (Figure 4-7 B-D,  

*p < 0.05 RM two-way ANOVA with Dunnett’s post hoc compared to baseline, saline n = 11, 

oxaliplatin n = 11). However, engagement on the wheels in terms of time spent on them started 

to progressively decrease, and by day 28 all parameters investigated returned to similar values 

to their respective baselines. The last recording on day 34 showed that all parameters were once 

again higher than baseline, with speed and acceleration parameters significantly so (Figure 4-7 

B-D, *p < 0.05 RM two-way ANOVA with Dunnett’s post hoc compared to baseline, saline n = 11, 

oxaliplatin n = 11). The running behaviour of saline-treated animals followed a similar time 

course. At day 7 and 14, all parameters were increased compared with baseline, although only 

maximum speed and maximum acceleration were characterised by statistical significance 

(Figure 4-7 C, D, *p < 0.05 RM two-way ANOVA with Dunnett’s post hoc compared to baseline, 

saline n = 11, oxaliplatin n = 11). A small decrease in all parameters was observed at day 28. 

Lastly, at day 34, total distance run, maximum speed and maximum acceleration were 

significantly higher than baseline (Figure 4-7 A, C-D, *p < 0.05 RM two-way ANOVA with 

Dunnett’s post hoc compared to baseline, saline n = 11, oxaliplatin n = 11). Despite similar 

baseline values between treatment groups, at further time points it was observed that the 

individual variability for most parameters was higher among saline-treated animals compared 

with the oxaliplatin group. 
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Figure 4-7 Spontaneous running activity in saline- and oxaliplatin-treated animals 

Animals were placed in wheel activity cages overnight and running parameters were recorded. (A) Total 

distance run. (B) Mean speed. (C) Maximum speed. (D) Maximum acceleration. (E) Access count to the 

wheel. (F) Active time on the wheel. Data are expressed as mean ± SEM. *p < 0.05, RM two-way ANOVA 

(with Dunnett’s post hoc compared to baseline). Saline n = 11; oxaliplatin n = 11. BL = baseline. Arrows 

indicate the administration of saline/oxaliplatin on four alternate days (0, 2, 4 and 6). 
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4.3.4 Adhesive removal behaviour 

The adhesive removal test allows to assess both sensory and motor function in animal models 

(Schallert et al. 1982). Here, it was performed as described in section 2.2.4.4.1, in order to 

evaluate its ability to assess somatosensory impairment (i.e. numbness) in oxaliplatin-treated 

animals. Animals included in this study belonged to the first cohort of animals tested for cold 

allodynia (see section 4.3.2). They were split into two groups of roughly the same baseline cold 

scores, and the two groups were randomly allocated to receive either saline or oxaliplatin. 

Animals were trained for three days before one baseline measurement was recorded. Further 

testing was performed weekly, until day 28-31. Oxaliplatin- and saline-treated animals did not 

display any difference in time required to sense the presence of the label (Figure 4-8 A, ns RM 

two-way ANOVA, saline n = 6, oxaliplatin n = 6). Similarly, there was no significant difference in 

time to remove the label between the two treatment groups (Figure 4-8 B, ns mixed effects 

model, saline n = 6, oxaliplatin n = 6). One saline-treated animal failed to remove the label in the 

5 minutes allocated to the test on two different occasions (day 14 and 28), therefore a RM two-

way ANOVA could not be performed. Individual variability within groups was not consistent 

across groups and time points. Despite the initial training sessions and the care taken to 

minimise the stress for the animals, the hold required to apply the label remained a source of 

major stress for the rats. Initial responses to the pad application varied between complete lack 

of movement and cage exploring, stress- and fear-induced diarrhoea and urination, piloerection 

or immediate interaction with the sticky pad. Unfortunately, there was no consistency in this 

initial behaviour across days, nor during the same day when comparing response on the left and 

right paws. A modified version of the adhesive removal test (Sughrue et al. 2006, Komotar et al. 

2007) was developed to overcome the limitations of Schallert’s method, in particular the need 

to train rats for several days before being able to perform the test. Therefore, a new cohort of 

rats was tested using the modified protocol, as described in section 2.2.4.4.2. Animals included 

in this study were also tested for spontaneous wheel running (see section 4.3.3). They were split 

into two groups of approximately equal baseline distance run, and the two were randomly 

allocated to saline or oxaliplatin treatment. A baseline recording was taken after a single training 

session and testing was then performed under blind conditions at day 7, 21 and 29. As 

recommended by Sughrue and Komotar (Sughrue et al. 2006, Komotar et al. 2007), animals were 

trained only once before the experiment began. Here, such a short training period was not 

enough to habituate animals to the experimental conditions. In particular, the application of the 

tape around the forepaw was particularly stress-inducing and required the presence of a second 

experimenter to completely restrain the animal. Stress-induced responses similar to the ones 

described for the first protocol were observed upon tape application. The test failed to identify 
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any difference between oxaliplatin- and saline-treated animals (Figure 4-8 C, ns RM two-way 

ANOVA, saline n = 5, oxaliplatin n = 5). By the end of the study on day 29, animals from both 

groups spent less time trying to remove the tape compared with baseline, suggesting that they 

may have gotten used to the presence of the tape. 

 

Figure 4-8 Adhesive removal test in saline- and oxaliplatin-treated animals 

(A-B) A round adhesive pad was applied to the dorsal surface of the forepaw and animals were allowed 5 

minutes to recognise the presence of the pad and remove it. (A) Average time to sense the presence of 

the pad. Data are expressed as mean ± SEM. RM two-way ANOVA. Saline n = 6; oxaliplatin n = 6. (B) 

Average time to remove the pad. Data are expressed as mean ± SEM. Mixed effects model. Saline n = 6; 

oxaliplatin n = 6. (C) A rectangular piece of tape was wrapped around the forepaw and animals were 

observed for 30 seconds. The graph shows the ratio of time the animals spent attending to the pad over 

30 s. Data are expressed as mean ± SEM. RM two-way ANOVA. Saline n = 5; oxaliplatin n = 5. BL = baseline. 

Arrows represent administration of saline/oxaliplatin on four alternate days (0, 2, 4 and 6). 
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4.4 Discussion 

Systemic (IP) administration of 2 mg/kg oxaliplatin on four alternate days resulted in the 

development of mechanical hypersensitivity, expressed both as mechano-allodynia and 

hyperalgesia, which is consistent with a previous report using the same OIPN rat model (Boyette-

Davis and Dougherty 2011). Oxaliplatin-treated animals were healthy for the whole duration of 

the study, gain weight remained normal and they did not display any sign of ill health or distress 

(e.g. weight loss, alopecia or dullness). The day after treatment cessation, oxaliplatin-treated 

animals did not display mechanical hypersensitivity compared with saline-treated controls, thus 

suggesting a lack of oxaliplatin-induced acute syndrome. The chronic neuropathy was evident at 

day 28-34, when withdrawal responses to 4 g, 8 g and 15 g von Frey filaments were increased 

by ≥ 2.3-fold compared with their respective controls. Our OIPN model is partially reproducing 

clinical observations: almost all patients display transient symptoms during or immediately after 

oxaliplatin administration (Griffith et al. 2017), but we were not able to observe this acute 

syndrome. Conversely, up to 80% of patients go on to develop a chronic syndrome upon 

cumulative doses of chemotherapy (Griffith et al. 2017), as observed here in oxaliplatin-treated 

animals.  

The translational value of this OIPN model is enhanced by the use of clinically formulated 

oxaliplatin. Clinically, the dilution vehicle for oxaliplatin infusion is 5% glucose and many 

preclinical models use glucose as vehicle. Extensive work was conducted in our lab in the past 

to select the most appropriate vehicle for oxaliplatin. The use of 5% glucose limited the 

development of mechanical hypersensitivity when compared with saline as diluent. Therefore, 

it was decided that 0.9% saline would be the most suitable vehicle for the OIPN model in our 

lab. Early on in this project, an attempt was made to use 5% glucose as vehicle for oxaliplatin 

dilution in a cohort of animals. However, no difference in mechanical hypersensitivity was 

observed between oxaliplatin- and vehicle-treated animals and results were deemed 

inconclusive, partly due to the inexperience of the experimenter with behavioural testing. No 

other attempt was carried out with 5% glucose, as the OIPN model using saline as vehicle was 

already established in the lab. Furthermore, it was considered beyond the scope of this project 

and would have overlooked the need to minimise the number of animals used in research, as 

defined by the 3Rs principles (Replacement, Refinement and Reduction).  

Increased sensitivity to cold temperatures is a typical early side effect of oxaliplatin treatment. 

In rat models, a single administration of oxaliplatin (dose range 2-12 mg/kg) resulted in the 

appearance of acute cold allodynia within hours of oxaliplatin administration (Ling et al. 2007b, 

Ling et al. 2008, Joseph and Levine 2009, Nassini et al. 2011, Balayssac et al. 2014, Yamamoto et 
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al. 2015, Yamamoto et al. 2016a, Yamamoto et al. 2016b, Chukyo et al. 2018, Xu et al. 2018, 

Choi et al. 2019). Repeated administration of both low-dose and high-dose oxaliplatin 

(cumulative dose: 6-32 mg/kg) (Ling et al. 2007a, Sakurai et al. 2009, Kawashiri et al. 2011, Meyer 

et al. 2011, Kawashiri et al. 2012, Xiao et al. 2012, Abd-Elsayed et al. 2015, Yamamoto et al. 

2018) also led to the development of cold allodynia during or immediately after oxaliplatin 

administration. In some cases, sensitivity to cold temperature persisted for weeks, if not 

months, and resolved up to 15 weeks after treatment cessation (Ling et al. 2007a, Meyer et al. 

2011, Xiao et al. 2012, Abd-Elsayed et al. 2015). 

The acetone test and scoring system as described by Flatters and Bennet (Flatters and Bennett 

2004) has been successfully used in our lab and identified the development of cold allodynia 

following paclitaxel and bortezomib administration (Duggett and Flatters 2017, Griffiths et al. 

2018). Unfortunately, the OIPN model investigated here failed to show the development of cold 

allodynia to acetone application over time. Many variables may have affected the outcome of 

this study. Testing was occasionally performed when construction works took place in the same 

building. The noise had a negative impact on the animals’ stress levels and may have influenced 

their performance on the day. As any other behavioural test, the acetone test presents some 

limitations. In particular, the test is inherently biased by the subjectivity of the scoring system 

and the experimenter’s inexperience with the test may be partially responsible for the negative 

results observed here. Despite the care taken to assign consistent cold scores to similar 

behavioural patterns (i.e. amount of flicking and licking), it is likely that withdrawal responses 

were over- or underestimated. A potential solution to the inconsistent scoring would be the 

evaluation of cold allodynia in terms of number or duration of withdrawals. Another caveat to 

consider is that the evaporation rate of acetone, and therefore the duration of the cold 

sensation, is dependent on the room temperature, which may vary from day to day. Moreover, 

despite being considered an innocuous stimulus, acetone application itself may offer a 

simultaneous mechanical and chemical stimulation (Vissers and Meert 2005). Therefore, it could 

be more accurate to consider the acetone test as a multimodal stimulus, rather than a simple 

cold one. It is also worth mentioning that acetone possesses a distinctive smell and animals may 

react to the olfactory stimulus, thus reducing the sensitivity of the test (Colburn et al. 2007). As 

cold allodynia is a hallmark of OIPN, more work is required to develop an optimal technique to 

reproduce it in this OIPN model. In this respect, it would be useful to also try other testing 

methodologies, like the cold plate or the thermal preference test, to assess cold-induced 

responses to specific innocuous and noxious temperatures.  
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In recent years, spontaneous running behaviour has been evaluated as measurement of ongoing 

pain in preclinical models. Based on previous published data from the lab that showed significant 

changes in running behaviour in a bortezomib- and a paclitaxel-induced neuropathy model 

(Duggett and Flatters 2017, Griffiths et al. 2018), voluntary wheel running was monitored in this 

OIPN model. However, no difference was observed between oxaliplatin-treated animals and 

saline-treated controls. The lack of a deficit in spontaneous running activity suggests that 

animals are in good health, despite oxaliplatin administration, and present no motor deficit. It 

should be mentioned that past experiments on paclitaxel and bortezomib models were 

conducted on a Sprague-Dawley colony imported from the Netherlands, whilst rats employed 

here derived from a colony supplied from the UK, which may be genetically distinct from the 

Dutch one. It has been shown that voluntary running behaviour in mice is dependent upon 

several factors, including gender, age, wheel design, diet, environmental conditions and genetic 

background [reviewed in (Sherwin 1998, Manzanares et al. 2018)]. The same variables are likely 

affecting the running performance of rats. While elements like gender, age and wheel design 

were consistent across studies, genetic background may have affected results in this OIPN 

model. An important factor that must be taken into account when interpreting spontaneous 

running behaviour data is the potential effect of experience and learning. Animals usually start 

running within minutes of being able to access a wheel and progressively increase their running 

activity in the first days of exposure, to then reach a stable plateau and occasionally decline after 

that [reviewed in (Sherwin 1998, Manzanares et al. 2018)]. Here, animals followed a similar 

pattern, even though exposure to the wheels was not continuous but limited to a small number 

of occasions. By the second recording of wheel activity (day 7), control animals ran more than 

baseline and their activity remained quite stable throughout the study, with the exception of a 

small deflection on day 28. Oxaliplatin-treated animals quickly reached their peak of activity at 

day 7 and then showed a progressive decline at day 14 and 28, before their running behaviour 

increased again at day 34. The decrease observed at day 28 was unlikely due to a direct effect 

of oxaliplatin on running behaviour, as saline-treated controls displayed a similar decline. 

Furthermore, none of the parameters assessed showed the presence of an oxaliplatin-induced 

deficit compared with baseline recordings. Another factor that may affect spontaneous running 

behaviour is the novelty of the wheel apparatus. As animals are removed from their home cages 

and placed into a new environment, they may simply be attracted to the wheels and get active 

on them. However, this was not considered a caveat in this OIPN model. Animals were always 

acclimatised to the wheel cages for an hour in the morning prior to overnight recordings, so the 

novelty of the wheel would have faded by the time the experiment was started in the evening. 
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Additionally, the first hours of running behaviour during the light cycle (before 7 pm), when 

animals had just got access to the wheels, were not included in the final analysis.  

A substantial limitation of the spontaneous wheel running assessment is the high degree of 

interindividual variability. Here, interindividual variability was especially evident in the saline-

treated group. The intrinsic variability of the spontaneous running behaviour makes it hard to 

interpret results and reports in the literature are often in contrast with each other. The most 

common interpretation is that spontaneous wheel running is depressed by pain conditions. 

Decreased wheel running activity was reported in rodent models of paclitaxel-induced 

neuropathy (Griffiths et al. 2018), chronic sciatic neuropathy (Whitehead et al. 2017), hind paw 

inflammatory pain (Cobos et al. 2012, Grace et al. 2014, Kandasamy et al. 2016), osteoarthritis 

(Stevenson et al. 2011) and migraine pain (Kandasamy et al. 2017), which were simultaneously 

characterised by persistent mechanical allodynia, with the exception of the migraine pain 

model. By contrast, several studies suggest that regular exercise (i.e. swimming and forced or 

voluntary wheel running) has an analgesic effect in several pain-associated syndromes (Pitcher 

2018). Spontaneous wheel running both prevented and reversed the development of 

mechanical and cold allodynia in paclitaxel-induced neuropathy (Slivicki et al. 2019) and after 

sciatic nerve injury (Grace et al. 2016). Likewise, voluntary wheel running was able to prevent 

the development of thermal hypersensitivity in hind paw inflammatory pain (Pitcher et al. 2017) 

and of mechanical allodynia in chronic musculoskeletal pain (Leung et al. 2016, Sabharwal et al. 

2016). It also alleviated mechanical and thermal hypersensitivity in mice models of pre-diabetes 

(Groover et al. 2013), chronic musculoskeletal pain (Sluka et al. 2013), experimental 

autoimmune encephalomyelitis (Benson et al. 2015) and antiretroviral therapy-induced 

neuropathy (Ye et al. 2018). Lastly, some groups have reported a lack of deficit in voluntary 

wheel running activity between experimental groups, similarly to our results in the OIPN model. 

No running deficits were observed in rodent models of neuropathy following paclitaxel 

administration (Slivicki et al. 2019) and chronic constriction injury of the sciatic nerve (Grace et 

al. 2016). Given the abundance of clashing reports, it is currently difficult to understand whether 

spontaneous running behaviour can be used as a reliable measurement of ongoing pain in OIPN.  

Numbness is a typical side effect reported by oxaliplatin-treated patients. Nevertheless, it is 

difficult to evaluate it in preclinical settings. Hence, reports of oxaliplatin-induced numbness in 

rodent models are missing in the literature. The adhesive removal test is an appropriate task to 

investigate, as it allows to evaluate both sensory and motor impairments (Schallert et al. 1982). 

Two different protocols were attempted to evaluate the feasibility of the task in the OIPN rat 

model. In both cases, no difference between oxaliplatin-treated and control rats could be 

detected. A constant issue observed in both cases was the substantial degree of interindividual 
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and day-to-day variability when performing the task. A potential source of variability was the 

occasional noise from construction works, as already discussed for the cold allodynia results. 

However, the major source of variability could be attributed to the handling procedures. The 

first protocol consisted in the application of a round label to the dorsal surface of the forepaws. 

Each animal behaved differently in response to being held and to the pad application and the 

stress-induced behaviour was not consistent across days nor between trials performed on the 

same day on different paws. Consequently, the time to sense and remove the pad was not just 

a direct and reliable measurement of the sensory and motor functions but was dependent on 

the initial stress-induced response. Because of this limitation, no real conclusion could be drawn 

from the results of the first adhesive removal protocol. The second protocol involved the 

wrapping of a piece of tape around the forepaw but was characterized by similar problems to 

the first trial. This protocol was found to be extremely distressing to the animals, who had to be 

restrained completely by one experimenter while another applied the tape. Moreover, removal 

of the tape upon task completion was particularly challenging and harmful on occasions, and 

some fur loss was inevitable. The task was recommended to be repeated 3-5 times per paw, 

including only the two best performances in the final analysis (Sughrue et al. 2006, Komotar et 

al. 2007). However, this paradigm was considered excessively upsetting for the animals and 

potentially unethical. Therefore, the test was limited to one trial per paw. Limiting the task to a 

single trial and not including the best performances may be partially responsible for the high 

degree of individual variability observed in this OIPN model.  

The mechanism leading to chemotherapy-induced numbness is not entirely known, but it has 

been hypothesised that loss of intraepidermal nerve fibres (IENFs) may play a key role in it 

(Boyette-Davis and Dougherty 2011). Significant IENFs loss has been observed in oxaliplatin-

treated patients (Burakgazi et al. 2011) and in preclinical models. In particular, a rat model of 

OIPN generated using the same treatment schedule and vehicle described in this thesis 

displayed significant IENFs loss after two and four weeks from treatment administration 

(Boyette-Davis and Dougherty 2011). The authors also observed significantly increased 

mechanical hypersensitivity compared with vehicle-treated controls, which led them to 

hypothesise that IENFs loss is involved in the maintenance of the neuropathy (Boyette-Davis and 

Dougherty 2011). Similarly, cisplatin led to a loss of IENFs in mice that displayed both mechanical 

allodynia and numbness compared with vehicle-treated animals (Mao-Ying et al. 2014, 

Krukowski et al. 2017, Maj et al. 2017). While fibre loss could explain the numbness often 

reported by patients early after chemotherapy treatment, central sensitisation mechanisms 

(e.g. increased neuronal excitability, enhanced spontaneous nerve activity, loss of descending 

inhibitory mechanisms etcetera) may mediate enhanced pain sensitivity as the neuropathy 
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progresses and fibre loss increases (Boyette-Davis and Dougherty 2011). As the OIPN model 

used here was the same as the one described by Boyette-Davis and Dougherty (Boyette-Davis 

and Dougherty 2011), it is likely that oxaliplatin-treated rats included in this work also had less 

IENFs than saline-treated controls, and could therefore present decreased pain sensitivity. As 

numbness usually precedes the appearance of allodynic and hyperalgesic symptoms in the clinic, 

employing the adhesive removal test more frequently in the acute setting (e.g. between 

treatment administrations and before the onset of pain-like behaviour) would have been 

appropriate to evaluate numbness development in this model. Nevertheless, both adhesive 

removal protocols attempted here were thought to be too unreliable to be able to assess 

numbness in animal models of CIPN. 

It should be noted that the adhesive removal test is commonly used to evaluate functional 

deficits following damage to the central nervous system, including unilateral nigrostriatal 

damage (Schallert et al. 1982), stroke (Schallert et al. 2000, Schaar et al. 2010), spinal cord injury 

(Schallert et al. 2000, Bradbury et al. 2002) and Parkinson’s disease (Schallert et al. 2000). In 

these conditions, sensorimotor impairments are particularly severe and frequently affect only 

one limb function, which may be completely lost. Hence, differences between the affected limb 

and the unaffected one can be easily detected by the adhesive removal test. By comparison, 

chemotherapy-induced deficits are not as marked, and the adhesive removal test may not be 

sensitive enough to recognise them. At present, the adhesive removal test has only been 

employed in a mouse model of cisplatin-induced neuropathy, where cisplatin-treated animals 

displayed significantly increased latency to notice the presence of the pad compared with saline-

treated controls (Mao-Ying et al. 2014, Krukowski et al. 2017, Maj et al. 2017). No other CIPN 

preclinical model has investigated chemotherapy-induced numbness. In future, it could be 

useful to attempt to optimise the test protocol in this OIPN model, so to reduce interindividual 

variability and stress-induced responses and be able to evaluate only chemotherapy-induced 

deficits.  

Lastly, a limitation of this model was the use of male animals only. Although colorectal cancer is 

more common and has a higher mortality rate in males compared with females (White et al. 

2018), further studies should include female rodents as well. Historically, female animals have 

been excluded from research, as they were believed to introduce a high degree of variability 

and complexity due to the oestrous cycle. However, recent meta-analyses have shown that 

females are no more variable than males (Prendergast et al. 2014, Itoh and Arnold 2015, Becker 

et al. 2016). Indeed, researchers are encouraged to use both male and female animals to avoid 

creating a male bias, thus expanding the generalisability of their results. Furthermore, the 

inclusion of both sexes is particularly important in studies on CIPN and chronic pain in general, 
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as growing evidence suggests that pain processing is different between males and females 

(Pieretti et al. 2016). It is therefore imperative that preclinical studies address this sexual 

dimorphism in order to identify cellular and molecular mechanisms of pain and develop new 

analgesic compounds.  

4.5 Conclusions 

In conclusion, this investigation showed that repeated oxaliplatin administration results in the 

development of significant hypersensitivity to mechanical stimuli. There was no general toxicity 

associated with oxaliplatin intraperitoneal administration, as animals gained weight normally 

and showed no signs of ill health or distress. The typical cold hypersensitivity reported by 

patients was not reproduced in this OIPN model, suggesting that more efforts are needed to 

develop an optimal experimental protocol to assess this important feature of OIPN. 

Spontaneous wheel running behaviour showed no difference in running activity between 

oxaliplatin-treated animals and controls. However, the ability of the test to accurately quantify 

ongoing pain in rodents was brought into question. Experiments on oxaliplatin-induced 

numbness were inconclusive and future attempts should focus on optimising the protocol to 

eliminate the high degree of stress-induced individual variability. Given the need to establish 

optimal assays to investigate cold-allodynia, ongoing pain and numbness, the presence of OIPN 

in oxaliplatin-treated animals allocated to further experiments in this thesis was assessed in 

terms of mechanical hypersensitivity.  
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 Electrophysiological investigation 

5.1 Introduction  

Nerve conduction properties can be assessed following electrical stimulation, which generates 

a compound action potential (CAP). CAPs were first characterised in the early 1920s in isolated 

nerves electrically stimulated with increasing currents (Erlanger and Gasser 1924). The authors 

of the study observed that the CAP shape varied, and additional peak appeared as the current 

intensity increased, thus suggesting that different fibre populations within the nerve were 

activated by different current amplitudes. CAPs represent the summation of all action potentials 

generated by the simultaneous and synchronous recruitment of many individual fibres within 

the nerve (Parker et al. 2018). Unlike the all-or-none action potential of an individual fibre, CAPs 

are described as graded responses: large myelinated fibres and those closest to the stimulating 

electrode are recruited early by low intensity stimulations; as the current intensity gradually 

increases, more fibres, including small myelinated and unmyelinated ones, are activated, thus 

generating a CAP with longer duration.  

Chemotherapy-induced peripheral neuropathy (CIPN) assessment through clinical oncology 

grading scales and patients’ self-reports remains a highly subjective diagnostic tool and lacks a 

standardised approach. A more objective diagnostic tool can be used to evaluate 

neurophysiological deficits. Nerve conduction studies (NCS) are the gold standard for the 

objective evaluation of large myelinated fibre damage in CIPN, but they cannot provide 

information about nociceptive Aδ- or C-fibres. Peripheral nerves are stimulated with small 

electrical impulses through electrodes placed on the skin and the amplitude and conduction 

velocity of both sensory and motor CAPs can be measured [reviewed in (Park et al. 2013)]. Acute 

and chronic oxaliplatin-induced peripheral neuropathy (OIPN) are defined by distinctive 

electrophysiological profiles. The acute syndrome, characterised by cold-induced paresthesias 

of the hands and throat, peri-oral numbness, jaw tightness and muscle cramps [reviewed in 

(Argyriou et al. 2008)], appears at the same time as abnormal motor conduction. NCS performed 

shortly after oxaliplatin infusion revealed the presence of small, repetitive compound muscle 

action potential after the initial one elicited by electrical stimulation (Wilson et al. 2002, Lehky 

et al. 2004, Heide et al. 2018). Oxaliplatin-treated patients also displayed spontaneous muscle 

fibre discharges in needle electromyography examination, while sensory nerve properties were 

not affected (Wilson et al. 2002, Lehky et al. 2004). The authors of these studies suggested that 

repetitive firing and spontaneous discharges are likely to affect both sensory and motor nerves 

after oxaliplatin administration, but NCS methods may not be sensitive enough to detect sensory 

hyperexcitability (Wilson et al. 2002, Lehky et al. 2004). The chronic syndrome is characterised 
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by distal sensory deficits and abnormal proprioception, which are representative of a distal, 

axonal neuropathy without motor components [reviewed in (Argyriou et al. 2008). 

Electrophysiological investigations in oxaliplatin-treated patients revealed that chronic OIPN is 

characterised by decreased sensory CAP amplitude and, among the sensory nerves evaluated, 

the sural nerve is the most affected; sensory conduction velocity remains relatively preserved in 

most studies but some groups observed a significant reduction after oxaliplatin administration 

(Cascinu et al. 2002, Lehky et al. 2004, Krishnan et al. 2005, Pietrangeli et al. 2006, Argyriou et 

al. 2007, Park et al. 2009a, Park et al. 2009b, Kokotis et al. 2016, Kim et al. 2018, Krøigård et al. 

2020). Progression of CIPN from grade 1 to grade 2 and 3 in patients administered with different 

chemotherapeutic compounds, including oxaliplatin, was associated with a significant and 

progressive reduction in sural nerve CAP amplitude, whilst conduction velocity was not as 

markedly affected (Matsuoka et al. 2016). No motor involvement has been identified in chronic 

OIPN (Lehky et al. 2004, Krishnan et al. 2005, Argyriou et al. 2007, Park et al. 2009a, Kim et al. 

2018). Although most NCS revealed that abnormal sensory nerve CAPs appear late in the 

oxaliplatin treatment regimen after several cumulative doses, a few studies identified ‘early’ 

sensory CAP abnormalities. Patients still undergoing treatment with oxaliplatin (between 5 and 

10 cycles) displayed an ~ 40% deficit in the sural nerve sensory action potential compared with 

healthy controls (McHugh et al. 2012). Reduced amplitude of sensory nerve action potential of 

the radial, dorsal sural, sural and median nerves at mid-treatment were also associated with 

increased risk of severe OIPN (Velasco et al. 2014, Alberti et al. 2018, Kim et al. 2018). These 

results suggest that these electrophysiological deficits might be predictive biomarkers of high-

grade OIPN. 

In vitro exposure of rodent and human nerves to high concentrations of oxaliplatin has been 

useful to understand some of the molecular mechanisms of acute OIPN. Rat sural and vagal 

nerves exposed in vitro to 250 µM oxaliplatin displayed increased amplitude and duration of A-

fibres CAP (A-CAP), which was attributed to an oxaliplatin-induced delay in voltage-gated Na+ 

(Nav) channels inactivation (Adelsberger et al. 2000). Interestingly, there was no change in the 

CAP of C-fibres (C-CAP), thus suggesting that oxaliplatin modulation of Nav channels is limited to 

specific channel isoforms expressed only on a subtype of sensory fibres (Adelsberger et al. 2000). 

Rat and human sural nerves exposed to 30 µM oxaliplatin displayed increased duration of the 

A-CAP and repetitive firing that lasted up to 10 ms after electrical stimulation (Sittl et al. 2010). 

In mouse and human sural nerves, exposure to 100 µM oxaliplatin in combination with cool 

temperatures slowed the inactivation of Nav1.6 channels and induced bursts of after-potentials 

in A- but not C-fibres (Sittl et al. 2012). The role of Nav1.6 in OIPN was supported by the 

observation that knockout mice that did not express a functional Nav1.6 channel did not display 



134 

repetitive after-potentials after exposure to oxaliplatin and cooling (Sittl et al. 2012). In vitro 

exposure to oxaliplatin induced bursts of repetitive firing in the rat sciatic nerve as well (Kagiava 

et al. 2008), where an inhibitory role of oxaliplatin on voltage-gated K+ (Kv) channels was 

suggested. Exposure of rat sciatic nerves to high concentration oxaliplatin (100 and 500 µM) had 

no effect on Nav channel functionality, as the CAP peak amplitude and rise-time were not 

affected. By contrast, a progressive time- and concentration-dependent increase in the duration 

of the repolarisation phase, when fast K+ channels are activated, and an intense 

hyperpolarisation phase, when slow K+ channels are activated, were observed following 

oxaliplatin administration (Kagiava et al. 2008). Similar results were also obtained in the mouse 

sciatic nerve exposed to 25 µM oxaliplatin (Kagiava et al. 2015). The same research group used 

intra-axonal recordings of the rat sciatic nerve to show that the oxaliplatin-induced changes in 

the CAP are directly linked to changes in the action potentials of individual nerve fibres: the 

depolarisation phase remained unchanged while the repolarisation phase was significantly 

broadened (Kagiava et al. 2013). More in vitro studies on non-mammalian tissues supported the 

hypothesis that changes in Nav and Kv channels are involved in OIPN. Electrical stimulation of 

nodes of Ranvier of single myelinated fibres isolated from the frog sciatic nerve exposed to 10 

and 100 µmol/l oxaliplatin resulted in a dose-dependent decrease in Na+ and K+ current 

amplitudes (Benoit et al. 2006). Whole patch-clamp recordings of the cockroach dorsal unpaired 

median neurons exposed to 40–500 mM oxaliplatin, or 500 mM of its metabolite oxalate, 

displayed decreased inward Na+ current amplitude (Grolleau et al. 2001). Despite the evidence 

for ion channels involvement in the development of OIPN, several channel modulators (e.g. 

carbamazepine, gabapentin, pregabalin, Ca/Mg infusions) failed to show any efficacy in clinical 

trials for the prevention or treatment of OIPN [reviewed in (Hershman et al. 2014, Hu et al. 

2019)], thus suggesting that further investigations are required to better understand the role of 

ion channels in OIPN. 

Oxaliplatin effect on electrophysiological properties has been widely investigated in rodent 

preclinical models of OIPN. The majority of studies have employed the sciatic nerve (McKeage 

et al. 2001, Jamieson et al. 2005, Meyer et al. 2011, Kanbara et al. 2014), as it represents the 

largest nerve in the body and is a mixed-function nerve, containing both motor and sensory 

fibres (Schmalbruch 1986). Additionally, the sciatic nerve, and in particular its sural and tibial 

branches, innervates the lateral and central area of the hind paw (Cobianchi et al. 2014), which 

are usually mechanically and/or thermally stimulated for the evaluation of nociceptive 

behaviour. Experiments on tail and digital nerves have been reported as well (Cavaletti et al. 

2001, Renn et al. 2011). A single injection of oxaliplatin (10 mg/kg) was enough to cause a 

significant reduction in the sciatic nerve conduction velocity two weeks after treatment and 
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lasting up to four months, compared with vehicle-treated control rats (McKeage et al. 2001). 

Nerve conduction studies performed upon completion of chronic oxaliplatin regimens showed 

reduction in the sensory conduction velocity and amplitude compared with vehicle-treated rats 

(Cavaletti et al. 2001, Jamieson et al. 2005) and mice (Renn et al. 2011), whilst the motor 

function was not affected (Jamieson et al. 2005). Similar results were obtained during ex vivo 

recordings of the rat sciatic nerve in a set-up similar to the one described in this thesis: animals 

administered with repeated injections of oxaliplatin (cumulative dose: 6 and 16 mg/kg) 

displayed decreased CAP amplitude and conduction velocity compared with vehicle-treated 

controls (Meyer et al. 2011, Kanbara et al. 2014). Given that chronic OIPN is characterised by 

purely sensory deficits, our investigation focused on the saphenous nerve, which comprises 

entirely sensory fibres. The nerve is the termination branch of the femoral nerve and originates 

from the dorsal roots L3/L4 in the spinal cord (Rea 2015). It innervates the medial portion of the 

hind paw (Cobianchi et al. 2014), which is partly affected by the stimulations in behavioural 

investigations. To date, no study has investigated the electrophysiological properties of the 

saphenous nerve following oxaliplatin exposure, either in vitro or in vivo.  

5.2 Aims 

The studies described below had two aims. First of all, to optimise the experimental settings to 

record A- and C-CAPs ex vivo from the rat saphenous nerve. The effects of substrate 

supplementation and nerve crushing were evaluated. Second of all, to characterise A- and C-

CAP waveforms in oxaliplatin- and saline-treated animals. Rats received oxaliplatin or saline 

through an intraperitoneal (IP) injection and pain-like behaviour was assessed through 

mechanical hypersensitivity to von Frey filaments. CAPs were recorded in the saphenous nerves 

at day 7 (24 hours after the last treatment administration) and at the peak of pain-like behaviour 

(day 28-33). 

5.3 Results 

Nerve conduction properties were investigated in terms of several characterising parameters of 

the A- and C-CAPs. A- and C-CAPs were assessed separately by different protocols. In both cases, 

nerves were stimulated with a threshold protocol, consisting of stimulations of increasing 

intensity in small increments, in order to identify the threshold current required to initiate the 

CAP (A-CAP: 0-0.3 mA in 0.01 mA increments, 50 μs square pulse width, 0.2 Hz; C-CAP: 0 to 4 

mA in 0.1 mA increments, 1 ms square pulse width, 0.2 Hz). A characterisation protocol was then 

applied to the nerves to evaluate other CAP parameters (A-CAP: 0-0.5 mA in 0.02 mA 

increments, 50 μs square pulse width, 0.2 Hz; C-CAP: 0 to 10 mA in 0. 5 mA increments, 1 ms 

square pulse width, 0.2 Hz). Figure 5-1 and Figure 5-2 show representative traces for A- and C-
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CAP and how the different parameters were measured. A-CAP parameters assessed with the 

characterisation protocols include peak to peak amplitude, area under the curve (AUC, 

expressed in arbitrary units, AU), duration, latency to onset of the waveform and conduction 

velocity at the onset of the waveform, when only the fastest fibres are recruited following 

electrical stimulation (Figure 5-1).  

 

 

Figure 5-1 Representative trace of the A-CAP waveform  

Typical A-CAP waveform generated by electrical stimulation and visualised in the Spike2 software. The 

stimulus artefact can be distinguished before the start of the negative deflection of the waveform. The 

red dotted line represents the 0-mV baseline. A: onset of the A-CAP; B: trough; C: end of the negative 

deflection and start of the positive deflection; D: peak; E: end of the A-CAP. Peak to peak amplitude was 

measured from B to D. The A-CAP area under the curve (AUC) was a summation of both the negative (A 

to C) and the positive (C to E) AUC. A-CAP duration was measured from A to E. Latency and conduction 

velocity were measured at A.  

For C-CAP, similar parameters were investigated: peak amplitude, area under the curve (in AU), 

duration, latency to peak of the waveform and conduction velocity at peak (Figure 5-2). C-CAPs 

are often triphasic (negative deflection - positive deflection - negative deflection) and their 

amplitude is significantly smaller compared with A-CAPs. Assessing C-CAP features was 

challenging at times, due to the presence of background electrical noise that can obscure the C-

fibres response. Therefore, obtaining robust C-CAP recordings proved to be significantly harder 

than A-CAPs. To facilitate and standardise C-CAP analysis, only the positive deflection was taken 

in consideration. Similarly, identifying the start of the C-fibres waveform was not always 
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possible. To avoid this issue, conduction velocity of the C-fibres was calculated at the peak of 

the waveform, thus providing an indication of the average conduction velocity, rather than of 

the fastest fibres in the nerve.  

 

Figure 5-2 Representative trace of the C-CAP waveform 

Typical C-CAP waveform generated by electrical stimulation and visualised in the Spike2 software. The C-

CAP appears after the fast A-fibres and is smaller in amplitude. The red dotted line represents the 0-mV 

baseline. A: start of the C-CAP; B: peak; C: end of the C-CAP. The C-CAP is often triphasic (negative 

deflection, positive deflection, negative deflection). To simplify the analysis, only the positive deflection 

was considered (A to C). Peak amplitude was measured at B. The C-CAP area under the curve (AUC) and 

duration were measured from A to C. Latency and conduction velocity were measured at B. 

5.3.1 Optimisation of experimental protocols  

Extensive work was conducted in order to optimise experimental variables including 

temperature, nerve length, distance between electrodes and nerve desheathing, and to set up 

the electronic and hydraulic components of the electrophysiology rig to record CAPs from the 

saphenous nerve. Temperature changes have a significant effect on CAP duration and 

amplitude. Clinically, CAPs recorded at warmer cutaneous temperatures had reduced 

amplitudes and shorter durations, while cool temperatures produced bigger and broader CAPs 

(Bolton et al. 1981). With the exception of recordings performed early on during the 

optimisation attempts, a constant bath temperature of 34-35°C was maintained during 

recordings throughout the study. Another experimental factor that may have a profound effect 
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on CAP is the distance between recording electrodes (Li et al. 2014), where the shorter the 

distance, the harder it is to visualise the CAP. After initial attempts when recording electrodes 

were kept close together, the distance between electrode pairs was increased and was never 

less than 5 mm, which has been reported as optimal in the rat median nerve (Li et al. 2014). 

Lastly, stretching of the nerve may also affect the CAP (Ochs et al. 2000). Care was taken when 

dissecting the nerves to obtain nerve sections long enough to avoid stretching them across the 

electrodes. Additionally, the epineural sheath was not removed from the nerves before 

recording, thus allowing to maintain nerve integrity and prevent additional stretching. 

5.3.1.1 Comparison of glucose and fructose as substrates for CAP recordings 

Previous unpublished data from the lab were generated using glucose as substrate in the 

bicarbonate recording solution. A recent study on mouse sciatic nerves suggested that fructose 

may be an equally good substrate, as it maintained both A- and C-fibre excitability (Rich and 

Brown 2018). A small pilot study was carried out to compare the effects of 20 mM fructose and 

10 mM glucose on the rat saphenous nerves and assess potential advantages of using fructose 

with the protocols we had in place already. Nerves were harvested from naïve animals and were 

electrically stimulated (for both A- and C-CAP) in 10 mM glucose-supplemented bicarbonate 

solution. After a washout period to eliminate all the glucose from the recording chamber, nerves 

were exposed to 20 mM fructose-supplemented bicarbonate solution, and A- and C-CAP 

protocols were recorded again. No difference could be detected in A-CAP amplitudes between 

10 mM glucose and 20 mM fructose preparations and traces recorded with the two different 

substrates overlapped almost completely (Figure 5-3 A, ns RM two-way ANOVA, n = 4 nerves). 

Consequently, the AUC analysis showed extremely similar results between groups, with mean 

values of 1.191 ± 0.07 AU and 1.199 ± 0.13 AU (mean ± SEM) for glucose and fructose recordings, 

respectively (Figure 5-3 A insert, ns paired two-tailed t-test, n = 4 nerves). No significant 

difference was observed in the AUC of the A-CAP waveform (Figure 5-3 B, ns RM two-way 

ANOVA - Figure 5-3 B insert, ns paired two-tailed t-test, n = 4 nerves) nor in its duration (Figure 

5-3 C, ns RM two-way ANOVA - Figure 5-3 C insert, ns paired two-tailed t-test, n = 4 nerves) 

between glucose- and fructose-supplemented recordings. No significant difference was 

detected in latency to the onset of the A-CAP (Figure 5-3 D, ns paired two-tailed t-test, n = 4 

nerves). A-CAPs recorded in the presence of 20 mM fructose displayed slower conduction 

velocities at the onset of the A-CAP (60.05 ± 5.7 m/s) compared with A-CAPs recorded in 10 mM 

glucose (73.4 ± 8.3 m/s), however this difference was not statistically significant (Figure 5-3 E, 

ns paired two-tailed t-test, n = 4 nerves). Fructose slightly increased the A-fibre activation 

threshold to 0.04 ± 0.009 mA compared with 0.03 ± 0.003 mA able to activate A-fibres in glucose. 
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Nevertheless, the difference was not statistically significant (Figure 5-3 F, ns paired two-tailed t-

test, n = 4 nerves).  

 

Figure 5-3 Effect of 10 mM glucose and 20 mM fructose on the A-CAP in naïve animals 

Saphenous nerves were harvested from naïve animals and superfused with bicarbonate solution 

supplemented with 10 mM glucose for electrical stimulation. After a washout period of 30-60 minutes, 

nerves were superfused with bicarbonate solution supplemented with 20 mM fructose for electrical 

stimulation. Nerves were electrically stimulated with increasing current intensities from 0 to 0.5 mA in 

0.02 mA increments (50 μs square pulse width, 0.2 Hz). A-CAP parameters investigated were peak to peak 

amplitude (A); area under the curve (AUC) of the A-CAP waveform (B); duration (C); latency to onset of 

the A-CAP waveform (D); and conduction velocity at the onset of the A-CAP waveform (E). For threshold 

assessment (F), nerves were electrically stimulated with increasing current intensities from 0 to 0.3 mA in 

0.01 mA increments (50 μs square pulse width, 0.2 Hz). Inserts (A-C) represent the AUC analysis of traces 

in (A-C). A.U. is arbitrary units. Data are expressed as mean ± SEM. (A-C) RM two-way ANOVA; (D-F and 

inserts A-C) paired two-tailed t-test. 10 mM glucose and 20 mM fructose n = 4 nerves. 

B A 

C D 

E F 



140 

Before the glucose solution was washed out, nerves were stimulated with the C-CAP protocol 

as well. Because of a mistake when setting up the protocol, no recording was made at 0 mA. 

Upon completion of data analysis for all the C-CAPs included in this work, it was clear that a 

maximal C-CAP response was obtained with the very first stimulation intensities and any 

stimulus beyond that was supramaximal (Figure 5-4 A, Figure 5-6 A, Figure 5-9 A, and Figure 5-11 

A). Therefore, it was decided to exclude the high intensity stimulations from analysis and focus 

only on the first current applications, where the nerve response was maximal. As nerves from 

different experimental groups reached their maximal amplitude at different currents, C-CAPs at 

0.5, 1.0 and 1.5 mA were included in the analysis, to confirm that stimulus intensity was 

sufficient to reach the maximal response. Due to the susceptible nature of C-fibres, C-CAPs for 

the investigation of substrate supplementation were obtained only from two recordings out of 

four. Results for C-CAP analysis are shown in Figure 5-4, although no conclusion can be drawn 

from it due the insufficient sample size (n = 2 nerves). Despite the small sample size of this study, 

it was concluded that no advantage was obtained by the use of fructose rather than glucose in 

our experimental settings. Therefore, all further experiments were conducted in 10 mM glucose. 
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Figure 5-4 Effect of 10 mM glucose and 20 mM fructose on the C-CAP in naïve animals 

Saphenous nerves were harvested from naïve animals and superfused with bicarbonate solution 

supplemented with 10 mM glucose for electrical stimulation. After a washout period of 30-60 minutes, 

nerves were superfused with bicarbonate solution supplemented with 20 mM fructose for electrical 

stimulation. Nerves were electrically stimulated with increasing current intensities from 0.5 to 10 mA in 

0.5 mA increments (1 ms square pulse width, 0.2 Hz). (A) shows peak amplitude at all current intensities. 

(B-F) show C-CAP parameters only at 0.5, 1.0 and 1.5 mA. C-CAP parameters investigated were peak 

amplitude (B); area under the curve of the C-CAP waveform (C); duration (D); latency to the peak of the 

C-CAP waveform (E); and conduction velocity at the peak of the C-CAP waveform (F). For threshold 

assessment (G), nerves were electrically stimulated with increasing current intensities from 0 to 4 mA in 
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0.1 mA increments (1 ms square pulse width, 0.2 Hz). A.U. is arbitrary units. Data are expressed as mean 

± SEM. No statistical analysis was performed. 10 mM glucose and 20 mM fructose n = 2 nerves.  

5.3.1.2 Effect of nerve crushing on CAP recordings 

Further optimisation attempts involved comparing the effect of crushing the nerves or simply 

placing their cut ends on the second recording electrode (distal electrode) in order to obtain 

monophasic recordings. Only saline-treated animals were included in this analysis. Nerves from 

oxaliplatin-treated animals were excluded, as oxaliplatin would represent another variable that 

might affect the nerve conductive properties. For both the crushed and uncrushed group, results 

of nerves harvested at day 7 and day 28-37 from saline-treated animals were collated, as no 

saline-induced effect would be expected at any time point. Crushing the nerve on the recording 

electrode appeared to slightly damage the nerve conductive properties. At the last stimulation, 

nerve crushing led to a 35% decrease in peak to peak amplitude compared with the uncrushed 

group (crushed [mean, 95% CI]: 1.10 mV, 0.69-1.51; uncrushed: 1.70 mV, 0.98-2.42) (Figure 5-5 

A, ns RM two-way ANOVA, crushed n = 22 nerves, uncrushed n = 10 nerves), which was 

confirmed by AUC analysis (Figure 5-5 A insert, ns unpaired two-tailed t-test, crushed  

n = 22 nerves, uncrushed n = 10 nerves). However, this change was not statistically significant. 

Nerve crushing had also a slight negative effect on the mean AUC of the A-fibres waveform 

(mean, 95% CI: 0.0009 AU, 0.0006-0.0013), that decreased by 25% compared with uncrushed 

nerves (mean, 95% CI: 0.0012 AU, 0.0007-0.0017) at the end of the protocol. Nevertheless, this 

decrease was not statistically significant (Figure 5-5 B, ns RM two-way ANOVA - Figure 5-5 B 

insert, ns unpaired two-tailed t-test, crushed n = 22 nerves, uncrushed n = 10 nerves). There was 

no difference in the duration of the A-CAP between groups (Figure 5-5 C, ns RM two-way ANOVA 

- Figure 5-5 C insert, ns unpaired two-tailed t-test, crushed n = 22 nerves, uncrushed n = 10 

nerves). Conduction velocity was not significantly affected: A-fibres in the crushed nerves 

conducted at 48.10 ± 3.6 m/s, while uncrushed fibres at 53.59 ± 5.5 m/s (mean ± SEM) (Figure 

5-5 E, ns unpaired two-tailed t-test, crushed n = 22 nerves, uncrushed n = 10 nerves). The 

average stimulus intensity required to stimulate an A-CAP following nerve crushing was 0.03 ± 

0.004 mA, whilst uncrushed nerves could be activated slightly earlier, at a lower threshold of 

0.02 ± 0.005 mA (Figure 5-5 F, ns unpaired two-tailed t-test, crushed n = 22 nerves, uncrushed n 

= 10 nerves). However, this difference was not statistically significant. 
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Figure 5-5 Effect of nerve crushing on the A-CAP in naïve animals 

Saphenous nerves were harvested from saline-treated animals at day 7 and day 28-37 and placed in the 

recording chamber for electrical stimulation. Nerves in the uncrushed group were simply laid across the 

electrodes. Nerves in the crushed group were gently crushed on the second recording electrode with a 

pair of forceps. Nerves were electrically stimulated with increasing current intensities from 0 to 0.5 mA in 

0.02 mA increments (50 μs square pulse width, 0.2 Hz). A-CAP parameters investigated were peak to peak 

amplitude (A); area under the curve (AUC) of the A-CAP waveform (B); duration (C); latency to onset of 

the A-CAP waveform (D); and conduction velocity at the onset of the A-CAP waveform (E). For threshold 

assessment (F), nerves were electrically stimulated with increasing current intensities from 0 to 0.3 mA in 

0.01 mA increments (50 μs square pulse width, 0.2 Hz). Inserts (A-C) represent the AUC analysis of traces 

in (A-C). A.U. is arbitrary units. Data are expressed as mean ± SEM. (A-C) RM two-way ANOVA; (B-F and 

inserts A-C) unpaired two-tailed t-test. Crushed n = 22 nerves; uncrushed n = 10 nerves.  
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More marked differences between the two experimental groups were observed for C-CAP 

recordings. Due to a mistake when setting up the protocol for early recordings with uncrushed 

nerves, no recording was made at 0 mA. Figure 5-6 A shows reduced C-CAP peak amplitudes in 

crushed nerves compared with the uncrushed group. RM two-way ANOVA analysis displayed an 

overall significant decreasing effect of nerve crushing on peak amplitude (Figure 5-6 A, F(1,26) = 

4.571, p = 0.0421 RM two-way ANOVA, crushed n = 19 nerves, uncrushed n = 9 nerves), yet 

Holm-Sidak post hoc comparisons failed to identify statistically significant differences at any 

specific current intensity. At 0.5, 1.0 and 1.5 mA, nerve crushing (mean, 95% CI: 0.013 mV, 0.009-

0.016; 0.014 mV, 0.010-0.017; and 0.012 mV, 0.009-0.015) determined a reduction in the mean 

peak amplitude by 54%, 39%, and 48%, respectively, compared with uncrushed nerves (mean, 

95% CI: 0.028 mV, 0.012-0.044; 0.023 mV, 0.008-0.037; and 0.023 mV, 0.008-0.038) (Figure 5-6 

B, ns unpaired two-tailed t-test with Welch’s correction for unequal variances, crushed n = 19 

nerves, uncrushed n = 9 nerves). Performing multiple t-test with Holm-Sidak correction was not 

considered necessary for these data, because the relationship between different currents was 

not a factor of interest. Like peak amplitudes, the AUC of C-CAP waveforms was higher in the 

uncrushed group, but the difference between crushed and uncrushed nerves was not 

statistically significant (Figure 5-6 C, ns unpaired two-tailed t-test with Welch’s correction for 

unequal variances, crushed n = 19 nerves, uncrushed n = 9 nerves). The crushing-induced 

decrease in peak amplitude and AUC was associated with significantly broader C-CAP 

waveforms, which lasted 4-5 ms longer than C-CAPs generated in uncrushed nerves (Figure 5-6 

D, *p < 0.05 unpaired two-tailed t-test with Welch’s correction for unequal variances, crushed  

n = 19 nerves, uncrushed n = 9 nerves). Latency to peak was significantly increased by 35% in 

the crushed group (mean, 95% CI: 47.0 ms, 42.1-51.9 at 0.5 mA; 46.4 ms, 42.0-50.7 at 1.0 mA; 

and 45.8 ms, 41.4-50.3 at 1.5 mA) compared with the uncrushed one (mean, 95% CI: 30.7 ms, 

24.0-37.4 at 0.5 mA; 29.9 ms, 22.2-37.7 at 1.0 mA; and 29.7 ms, 23.1-36.4 at 1.5 mA) (Figure 5-6 

E, *p < 0.05 unpaired two-tailed t-test, crushed n = 19 nerves, uncrushed n = 9 nerves). 

Consequently, uncrushed nerves were able to generate significantly faster C-CAPs (mean, 95% 

CI: 0.79 m/s, 0.66-0.92 at 0.5 mA; 0.81 m/s, 0.66-0.95 at 1.0 mA; and 0.82 m/s, 0.69-0.94 at 1.5 

mA) than crushed nerves, whose conduction velocity was approximately 20% slower (mean, 95% 

CI: 0.64 m/s, 0.59-0.69 at 0.5 mA; 0.64 m/s, 0.60-0.69 at 1.0 mA; and 0.65 m/s, 0.61-0.70 at 1.5 

mA) (Figure 5-6 F, *p < 0.05 unpaired two-tailed t-test, crushed n = 19 nerves, uncrushed n = 9 

nerves). Lastly, nerve crushing also increased the threshold to initiate the C-CAP, with an average 

threshold value of 0.25 ± 0.026 mA compared with a significantly lower 0.13 ± 0.017 mA (mean 

± SEM) required to activate C-fibres in the uncrushed group (Figure 5-6 G, *p < 0.05 unpaired 

two-tailed t-test, crushed n = 15 nerves, uncrushed n = 9 nerves). Four nerves from the crushed 
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group could not be included in the threshold analysis because the C-CAP was either not easily 

distinguishable from the background noise (n = 2 nerves) or not present after the nerve was left 

to rest in the bath (n = 2 nerves). Despite the slight damaging effect that crushing had on the 

nerve conductive properties, it provided the advantage of obtaining monophasic recordings at 

all times. By contrast, A-CAPs recorded from uncrushed nerves were occasionally biphasic (and 

therefore could not be included in the analysis). Ensuring that only the cut end of the nerve was 

always placed on the distal electrode was challenging, especially when the recording chamber 

was immersed in mineral oil. Consequently, the nerve-electrode contact was not always 

optimal. For these reasons, all recordings for the OIPN model were conducted on crushed 

nerves.  
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Figure 5-6 Effect of nerve crushing on the C-CAP in naïve animals 

Saphenous nerves were harvested from saline-treated animals at day 7 and day 28-37 and placed in the 

recording chamber for electrical stimulation. Nerves in the uncrushed group were simply laid across the 

electrodes. Nerves in the crushed group were gently crushed on the second recording electrode with a 

pair of forceps. Nerves were electrically stimulated with increasing current intensities from 0.5 to 10 mA 

in 0.5 mA increments (1 ms square pulse width, 0.2 Hz). (A) shows peak amplitude at all current intensities. 

(B-F) show C-CAP parameters only at 0.5, 1.0 and 1.5 mA. C-CAP parameters investigated were peak 

amplitude (B); area under the curve of the C-CAP waveform (C); duration (D); latency to the peak of the 

C-CAP waveform (E); and conduction velocity at the peak of the C-CAP waveform (F). A.U. is arbitrary 

units. Data are expressed as mean ± SEM. *p < 0.05, (A) RM two-way ANOVA; (B-D) unpaired two-tailed 

t-test with Welch’s correction for unequal variances; (E-F) unpaired two-tailed t-test. Crushed n = 19 
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nerves; uncrushed n = 9 nerves. For threshold assessment (G), nerves were electrically stimulated with 

increasing current intensities from 0 to 4 mA in 0.1 mA increments (1 ms square pulse width, 0.2 Hz). Data 

are expressed as mean ± SEM. *p < 0.05, unpaired two-tailed t-test. Crushed n = 15 nerves; uncrushed  

n = 9 nerves. 

5.3.2 A- and C-CAP properties in saline- and oxaliplatin-treated animals 

Animals received systemic (IP) injections of 2 mg/kg oxaliplatin or saline on four alternate days 

and the development of pain-like behaviour was assessed through von Frey testing. Animals 

were divided into two groups of approximately equal average baseline scores and randomly 

allocated to the saline or oxaliplatin group. At day 7, oxaliplatin-treated animals did not display 

mechanical hypersensitivity compared with saline-treated controls (Figure 5-7 A-C, ns two-tailed 

multiple-comparison unpaired t-tests with Holm-Sidak correction, saline n = 17, oxaliplatin  

n = 18). At the peak pain time point (day 28 to 33), oxaliplatin-treated animals exhibited 

increased mechanical hypersensitivity to 4 g, 8 g and 15 g binding forces, but only responses to 

15 g filaments were statistically significant in comparison to saline-treated controls (Figure 5-7 

A-C, *p < 0.05 two-tailed multiple-comparison unpaired t-tests with Holm-Sidak correction, 

saline n = 7, oxaliplatin n = 8). Animals were sacrificed at day 7 or during the peak pain period 

and the saphenous nerves were harvested for electrical stimulation.  

 

Figure 5-7 Mechanical hypersensitivity to von Frey filaments following oxaliplatin administration  

Mechanical hypersensitivity to 4 g (A), 8 g (B) and 15 g (C) von Frey filaments, expressed as number of 

withdrawals to 10 stimuli in total. Baseline and day 7: saline n = 17, oxaliplatin n = 18; peak pain (day 28-

33): saline n = 7, oxaliplatin n = 8. Data are expressed as mean ± SEM. *p < 0.05, two-tailed multiple-

comparison unpaired t-tests with Holm-Sidak correction. 
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5.3.2.1 CAP recordings prior to oxaliplatin-induced mechanical hypersensitivity  

At day 7, a significant overall effect was observed between the two treatment groups, with 

oxaliplatin-treated animals displaying increased A-CAP peak to peak amplitude compared with 

saline controls (Figure 5-8 A, F(1,19) = 6.771, p = 0.0175 RM two-way ANOVA, saline n = 13 nerves, 

oxaliplatin n = 8 nerves). Nevertheless, Holm-Sidak post hoc comparisons failed to identify 

statistically significant differences at any specific current intensity. The maximal amplitude 

response was reached at 0.48 mA in both saline- and oxaliplatin-treated groups, yet at this 

stimulus intensity the average peak to peak amplitude of nerves from oxaliplatin-treated 

animals (mean, 95% CI: 1.80 mV, 0.96-2.65) was increased by 137% compared with the nerves 

from saline-treated animals (mean, 95% CI: 0.76 mV, 0.33-1.20). AUC analysis confirmed the 

presence of a significant global effect (143% increment) of oxaliplatin treatment (mean, 95% CI: 

0.73 AU, 0.33-1.13) on A-CAP amplitudes compared with the saline-treated group (mean, 95% 

CI: 0.30 AU, 0.12-0.47) (Figure 5-8 A insert, *p < 0.05 unpaired two-tailed t-test, saline n = 13 

nerves, oxaliplatin n = 8 nerves). The AUC of the A-CAP waveform was also significantly increased 

by the oxaliplatin treatment (Figure 5-8 B, F(1,19) = 7.952, p = 0.0109 RM two-way ANOVA, saline 

n = 13 nerves, oxaliplatin n = 8 nerves), but again Holm-Sidak post hoc comparisons did not 

identify statistically significant differences at any specific current intensity. The presence of an 

overall significant effect was confirmed by AUC analysis that showed a significant 161% AUC 

increase following oxaliplatin treatment (mean, 95% CI oxaliplatin: 0.00073 AU, 0.00035-0.0011; 

saline: 0.00028 AU, 0.00010-0.00045) (Figure 5-8 B insert, *p < 0.05 unpaired two-tailed t-test, 

saline n = 13 nerves, oxaliplatin n = 8 nerves). Oxaliplatin administration had a significant overall 

effect on the duration of the A-CAP and nerves from oxaliplatin-treated animals displayed 

broader A-CAPs than nerves from the saline group (Figure 5-8 C, F(1,19) = 8.286, p = 0.0096 RM 

two-way ANOVA, saline n = 13 nerves, oxaliplatin n = 8 nerves). However, Holm-Sidak post hoc 

comparisons did not identify statistically significant differences at any specific current intensity. 

AUC analysis confirmed the longer duration of the A-CAP in the oxaliplatin group compared with 

saline-treated animals (Figure 5-8 C insert, *p < 0.05 unpaired two-tailed t-test, saline n = 13 

nerves, oxaliplatin n = 8 nerves). The latency to onset of the A-CAP waveform was significantly 

reduced to 0.51 ± 0.06 ms in the oxaliplatin group compared with 0.73 ± 0.06 ms (mean ± SEM) 

in the saline group (Figure 5-8 D, *p < 0.05 unpaired two-tailed t-test, saline n = 13 nerves, 

oxaliplatin n = 8 nerves). As a result, there was a significant increase in conduction velocity of 

the fastest A-fibres in oxaliplatin-treated animals compared with saline-treated controls (Figure 

5-8 E, *p < 0.05 unpaired two-tailed t-test, saline n = 13 nerves, oxaliplatin n = 8 nerves). The 

oxaliplatin-treated group displayed an overall 53% increase in conduction velocity (mean, 95% 

CI: 58.93 m/s, 42.28-75.58) compared with the saline-treated group (mean, 95% CI: 38.48 m/s, 
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31.39-45.58). Lastly, there was no significant difference in the activation threshold of nerves 

from oxaliplatin-treated animals (0.02 ± 0.006 mA) compared with their respective saline-

treated controls (0.04 ± 0.006 mA) (Figure 5-8 F, ns unpaired two-tailed t-test, saline n = 13 

nerves, oxaliplatin n = 8 nerves). Sample size was unequal between saline and oxaliplatin groups 

because recording was not always possible for all the nerves harvested from the animals. 

 

Figure 5-8 A-CAP parameters at day 7 in oxaliplatin- and saline-treated animals 

Saphenous nerves were harvested from saline- and oxaliplatin-treated animals and electrically stimulated 

with increasing current intensities from 0 to 0.5 mA in 0.02 mA increments (50 μs square pulse width, 0.2 

Hz). A-CAP parameters investigated were peak to peak amplitude (A); area under the curve (AUC) of the 

A-CAP waveform (B); duration (C); latency to onset of the A-CAP waveform (D); and conduction velocity 

at the onset of the A-CAP waveform (E). For threshold assessment (F), nerves were electrically stimulated 

with increasing current intensities from 0 to 0.3 mA in 0.01 mA increments (50 μs square pulse width, 0.2 
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Hz). Inserts (A-C) represent the AUC analysis of traces in (A-C). A.U. is arbitrary units. Data are expressed 

as mean ± SEM. *p < 0.05, (A-C) RM two-way ANOVA; (B-F and inserts A-C) unpaired two-tailed t-test. 

Saline n = 13 nerves; oxaliplatin n = 8 nerves. 

At day 7, there was no overall difference in the C-CAP peak amplitude between oxaliplatin- and 

saline-treated groups and both groups reached their maximal amplitude response early in the 

recording protocol (Figure 5-9 A, ns RM two-way ANOVA, saline n = 10 nerves, oxaliplatin n = 11 

nerves). Nerves from oxaliplatin-treated animals reached the highest peak amplitude of 0.016 ± 

0.003 mV (mean ± SEM) after the first stimulus (0.5 mA). After 0.5 mA, the amplitude dropped 

slightly and immediately reached a plateau that remained constant until the end of the protocol. 

Nerves from saline-treated animals displayed the same highest peak amplitude of 0.016 ± 0.001 

mV after the second stimulus (1.0 mA), but then the amplitude progressively decreased till it 

reached an average value of 0.009 mV ± 0.002 mV at the last stimulus. This was reflective of the 

difficulty in obtaining robust C-fibre recordings from beginning to end of the protocol. Indeed, 

in some cases, the C-fibre response peaked at low current intensities to then progressively 

decrease and even disappear at higher intensities that were deemed to be too damaging for 

nerve integrity. Unpaired two-tailed t-tests confirmed the lack of difference in peak amplitude 

at 0.5, 1.0 and 1.5 mA between saline and oxaliplatin groups (Figure 5-9 B, ns unpaired two-

tailed t-test with Welch’s correction for unequal variances, saline n = 10 nerves, oxaliplatin  

n = 11 nerves). There was no difference in the AUC of the C-CAP waveform (Figure 5-9 C, ns 

unpaired two-tailed t-test, saline n = 10 nerves, oxaliplatin n = 11 nerves), in its duration (Figure 

5-9 D, ns unpaired two-tailed t-test, saline n = 10 nerves, oxaliplatin n = 11 nerves), in the latency 

to the peak of the waveform (Figure 5-9 E, ns unpaired two-tailed t-test, saline n = 10 nerves, 

oxaliplatin n = 11 nerves), nor in the conduction velocity measured at peak (Figure 5-9 F, ns 

unpaired two-tailed t-test, saline n = 10 nerves, oxaliplatin n = 11 nerves). However, nerves from 

oxaliplatin-treated animals required a significantly lower stimulus intensity (0.2 ± 0.03 mA) to 

initiate a C-CAP compared with the saline-treated controls (0.3 ± 0.03 mA) (Figure 5-9 G, *p < 

0.05 unpaired two-tailed t-test, saline n = 9 nerves, oxaliplatin n = 10 nerves). Activating 

threshold could not be measured for 1 nerve/group. In case of the saline group, the C-CAP 

amplitude was not big enough to be discernible from the background noise. In the oxaliplatin 

group, the C-CAP was not present after the nerve was left to rest in the bath.  
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Figure 5-9 C-CAP parameters at day 7 in oxaliplatin- and saline-treated animals 

Saphenous nerves were harvested from saline- and oxaliplatin-treated animals and electrically stimulated 

with increasing current intensities from 0 to 10 mA in 0.5 mA increments (1 ms square pulse width, 0.2 

Hz). (A) shows peak amplitude at all current intensities. (B-F) show C-CAP parameters only at 0.5, 1.0 and 

1.5 mA. C-CAP parameters investigated were peak amplitude (B); area under the curve of the C-CAP 

waveform (C); duration (D); latency to the peak of the C-CAP waveform (E); and conduction velocity at the 

peak of the C-CAP waveform (F). A.U. is arbitrary units. Data are expressed as mean ± SEM. (A) RM two-

way ANOVA; (B) unpaired two-tailed t-test with Welch’s correction for unequal variances; (C-F) unpaired 

two-tailed t-test. Saline n = 10 nerves; oxaliplatin n = 11 nerves. For threshold assessment (G), nerves 

were electrically stimulated with increasing current intensities from 0 to 4 mA in 0.1 mA increments  
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(1 ms square pulse width, 0.2 Hz). Data are expressed as mean ± SEM. *p < 0.05, unpaired two-tailed t-

test. Saline n = 9 nerves; oxaliplatin n = 10 nerves.  

5.3.2.2 CAP recordings at the peak of oxaliplatin-induced mechanical hypersensitivity  

At peak pain (day 28-33), there was no significant difference in the A-CAP peak to peak 

amplitude between the two treatment groups (Figure 5-10 A, ns RM two-way ANOVA, saline  

n = 9 nerves, oxaliplatin n = 11 nerves). AUC analysis confirmed that there was no difference 

between treatments (Figure 5-10 A insert, ns unpaired two-tailed t-test, saline n = 9 nerves, 

oxaliplatin n = 11 nerves). There was no significant difference in the AUC of the A-CAP waveform 

(Figure 5-10 B, ns RM two-way ANOVA – Figure 5-10 B insert, ns unpaired two-tailed t-test, saline 

n = 9 nerves, oxaliplatin n = 11 nerves). The A-CAP duration was not different between treatment 

groups (Figure 5-10 C, ns RM two-way ANOVA – Figure 5-10 C insert, ns unpaired two-tailed t-

test, saline n = 9 nerves, oxaliplatin n = 11 nerves). No difference was detected in the latency to 

the onset of the A-CAP (Figure 5-10 D, ns unpaired two-tailed t-test, saline n = 9 nerves, 

oxaliplatin n = 11 nerves), nor in the conduction velocity of the fastest fibres between the two 

treatment groups (Figure 5-10 E, ns unpaired two-tailed t-test, saline n = 9 nerves, oxaliplatin  

n = 11 nerves). Lastly, an average current of 0.03 mA was sufficient to initiate the A-CAP in both 

the oxaliplatin and saline group (Figure 5-10 F, ns unpaired two-tailed t-test, saline n = 9 nerves, 

oxaliplatin n = 11 nerves).  
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Figure 5-10 A-CAP parameters at peak pain in oxaliplatin- and saline-treated animals 

Saphenous nerves were harvested from saline- and oxaliplatin-treated animals and electrically stimulated 

with increasing current intensities from 0 to 0.5 mA in 0.02 mA increments (50 μs square pulse width, 0.2 

Hz). A-CAP parameters investigated were peak to peak amplitude (A); area under the curve (AUC) of the 

A-CAP waveform (B); duration (C); latency to onset of the A-CAP waveform (D); and conduction velocity 

at the onset of the A-CAP waveform (E). For threshold assessment (F), nerves were electrically stimulated 

with increasing current intensities from 0 to 0.3 mA in 0.01 mA increments (50 μs square pulse width, 0.2 

Hz). Inserts (A-C) represent the AUC analysis of traces in (A-C). A.U. is arbitrary units. Data are expressed 

as mean ± SEM. (A-C) RM two-way ANOVA; (B-F and inserts A-C) unpaired two-tailed t-test. Saline n = 9 

nerves; oxaliplatin n = 11 nerves. 
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At peak pain, there was no overall difference in the C-CAP peak amplitude between oxaliplatin- 

and saline-treated groups (Figure 5-11 A, RM two-way ANOVA, saline n = 9 nerves, oxaliplatin  

n = 12 nerves). At 0.5, 1.0 and 1.5 mA, nerves from saline and oxaliplatin groups displayed no 

difference in any of the C-CAP parameters assessed (Figure 5-11 B-F, ns unpaired two-tailed t-

test, saline n = 9 nerves, oxaliplatin n = 12 nerves). There was no difference in activating 

threshold between groups and C-fibres from both treatment groups were activated at an 

average current intensity of 0.2 ± 0.05 mA (mean ± SEM) (Figure 5-11 G, ns unpaired two-tailed 

t-test, saline n = 6 nerves, oxaliplatin n = 8 nerves). Threshold could not be measured for all 

nerves included in the characterisation analysis. Three nerves from saline-treated animals could 

not be included in the threshold investigation because the C-CAP was not easily identifiable in 

between the background noise (n = 1 nerve) and because the C-CAP was not present in the post-

resting recording (n = 2 nerves). Four nerves from oxaliplatin-treated animals were excluded for 

the same reasons (noisy recording: n = 2 nerves; no C-CAP after rest: n = 2 nerves). 
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Figure 5-11 C-CAP parameters at peak pain in oxaliplatin- and saline-treated animals 

Saphenous nerves were harvested from saline- and oxaliplatin-treated animals and electrically stimulated 

with increasing current intensities from 0 to 10 mA in 0.5 mA increments (1 ms square pulse width, 0.2 

Hz). (A) shows peak amplitude at all current intensities. (B-F) show C-CAP parameters only at 0.5, 1.0 and 

1.5 mA. C-CAP parameters investigated were peak amplitude (B); area under the curve of the C-CAP 

waveform (C); duration (D); latency to the peak of the C-CAP waveform (E); and conduction velocity at the 

peak of the C-CAP waveform (F). A.U. is arbitrary units. Data are expressed as mean ± SEM. (A) RM two-

way ANOVA; (B-F) unpaired two-tailed t-test. Saline n = 9 nerves; oxaliplatin n = 12 nerves. For threshold 

assessment (G), nerves were electrically stimulated with increasing current intensities from 0 to 4 mA in 

0.1 mA increments (1 ms square pulse width, 0.2 Hz). Data are expressed as mean ± SEM. Unpaired two-

tailed t-test. Saline n = 6 nerves; oxaliplatin n = 8 nerves.  
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5.4 Discussion 

Conduction properties of A- and C-fibres were assessed via CAP recordings in ex vivo 

preparations of the saphenous nerve. A-CAP recordings were efficiently obtained from the 

nerves. Conversely, obtaining robust recordings for C-CAPs was challenging at times and C-CAP 

analysis was standardised by including results obtained at supramaximal stimulations between 

0.5 and 1.5 mA. To the best of our knowledge, this was the first CAP investigation in a chronic 

OIPN model (and CIPN in general) that used the saphenous nerve, which is purely involved in 

sensory processing. As chronic OIPN is associated with sensory symptoms, without any motor 

involvement, the saphenous nerve represents an optimal model to investigate potential 

oxaliplatin-induced electrophysiological changes. 

Ex vivo nerve recordings are usually performed in bicarbonate solution supplemented with 

glucose to sustain the peripheral nerves’ metabolism. A recent investigation on non-glucose 

substrates reported that both 10 mM glucose and 20 mM fructose were able to maintain A- and 

C-CAPs in the mouse sciatic nerve for up to 8 hours (Rich and Brown 2018). As the experimental 

set-up and the nerve under investigation in our study were different from those described by 

(Rich and Brown 2018), evaluating the effect of fructose on the saphenous nerve conductive 

properties was deemed of interest. Here, the use of 20 mM fructose did not introduce any 

advantage over 10 mM glucose. There was no difference in amplitude, AUC and duration of the 

A-CAP between recordings made in glucose and those in fructose, although a slight worsening 

in conduction velocity and activation threshold was observed following fructose 

supplementation. Nevertheless, the sample size of this investigation was too low to draw any 

proper conclusion. In particular, C-CAP recordings were obtained only for two nerves, therefore 

no statistical analysis could be performed. Despite the very small sample size, the use of fructose 

did not show any remarkable difference in A-CAP properties that justified carrying out a more 

extensive investigation. Additionally, all optimisation attempts performed prior to this small 

study were conducted with glucose supplementation, which allowed to successfully record both 

A- and C-CAPs. Moreover, preliminary results from our lab on sciatic nerves were conducted in 

glucose. Therefore, all further experiments were conducted in 10 mM glucose. 

Nerve crushing on the distal recording electrode had a negative impact on CAP properties. The 

most notable effect on the A-CAP was a small, non-significant decrease in peak to peak 

amplitude. The C-CAP was more affected by the physical crushing, as demonstrated by 

significant increases in its duration, latency to peak and activation threshold, together with 

slower conduction velocity compared with uncrushed nerves. Placing the cut end of the nerve 

on the distal recording electrode may be considered a monophasic recording in practice, as the 
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second electrode would be in contact with a dead region of the nerve. However, due to the 

difficulties in ensuring that only the dead end would be on the distal electrode, there is a risk 

that both recording electrodes may be in contact with active sections of the nerve. 

Consequently, the recording would be biphasic rather than monophasic. Despite the damage on 

nerve conduction properties, nerve crushing was considered preferable to uncrushed nerve 

preparations, as it always ensured monophasic recordings. When the distance between 

stimulating and recording electrodes is long enough, monophasic recordings allow to distinguish 

between different nerve fibres that conduct at different velocities (McAllister and Calder 1995). 

Here, the relatively small distance between electrodes impaired the visualisation of distinct A-

fibre types, but A- and C-fibres could be easily distinguished.  

The conduction properties of the saphenous nerves after chronic administration of oxaliplatin 

have not been investigated before. Here, oxaliplatin-treated animals did not display any sign of 

pain-like behaviour at day 7, 24 hours after the last oxaliplatin injection, but mechanical 

hypersensitivity was evident at the peak pain time point (day 28-33). At day 7, oxaliplatin-

treated animals displayed increased A-CAP peak to peak amplitude, area under the curve, 

duration and conduction velocity compared with saline-treated controls. Changes in CAP 

properties in ex vivo recordings may be ascribable to many experimental and physiological 

factors. Experimental variables were not considered a caveat of this investigation: the 

temperature was kept constant throughout the study, distance between recording electrodes 

was never < 5 mm, and nerve integrity was maintained by careful dissections and lack of 

desheathing. Given that experimental variables were controlled for, a more likely hypothesis is 

that oxaliplatin administration has an acute direct effect on electrophysiological parameters. 

Nerves from oxaliplatin-treated animals displayed a small reduction in the activation threshold 

of A-fibres compared with control animals, thus suggesting that oxaliplatin might sensitise the 

A-fibres. Indeed, the threshold for Aβ-fibres activation was lowered in a rat model of acute OIPN 

(Yamamoto et al. 2016b). Moreover, A-fibres may become hyperexcitable after exposure to 

oxaliplatin. This hypothesis is supported by several in vitro studies that associated acute OIPN 

with altered Nav (Adelsberger et al. 2000, Grolleau et al. 2001, Benoit et al. 2006, Wu et al. 2009, 

Sittl et al. 2012) and Kv (Benoit et al. 2006, Kagiava et al. 2008, Kagiava et al. 2013) channels 

activity. Nevertheless, the translational relevance of these in vitro models is limited, as they 

don’t reflect the oxaliplatin levels that nerves are exposed to in oxaliplatin-treated patients. The 

role of voltage-gated channels in OIPN has been extensively investigated in clinical settings as 

well. Nerve excitability studies on sensory and motor axons in oxaliplatin-treated patients 

confirmed the role of Nav channels dysfunction in acute OIPN (Krishnan et al. 2005, Krishnan et 

al. 2006, Park et al. 2009a, Park et al. 2009b, Heide et al. 2018). Interestingly, patients who 
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developed chronic neuropathy at the end of the treatment were characterised by bigger 

alterations between pre- and post-infusion excitability studies, while smaller and reversible 

changes were observed in patients that did not develop chronic neuropathy (Krishnan et al. 

2006, Park et al. 2009a, Park et al. 2009b). A prospective multicentre genotyping study on single 

nucleotide polymorphisms (SNPs) potentially associated with OIPN identified two SNPs in genes 

encoding for Nav channels that were predictive for both incidence and severity of acute OIPN 

(Argyriou et al. 2013a). OIPN acute syndrome is associated with repetitive motor CAP and 

spontaneous muscle fibre discharges (Wilson et al. 2002, Lehky et al. 2004). Similar symptoms 

are typically observed in neuromyotonia, a condition that manifests with muscle stiffness and 

delayed muscle relaxation due to nerve hyperexcitability (A. Vincent 2000). The nerve 

hyperexcitability characteristic of neuromyotonia has been attributed to dysfunction in Nav and 

Kv channels (Vincent 2000, Wilson et al. 2002), which could result in a prolonged depolarisation 

phase and subsequently in increased release of neurotransmitters and repetitive firing (Lehky 

et al. 2004). Therefore, it is possible that an association between Kv channels dysfunction and 

nerve hyperexcitability exists in acute OIPN as well.  

Conduction velocity is directly related to the diameter of the nerve fibre, where large myelinated 

fibres conduct action potentials faster than the small myelinated and unmyelinated ones (Hursh 

1939). There is no consensus on the myelination status of peripheral nerves after oxaliplatin 

treatment. Xiao et al. reported a slowing in sensory conduction velocity in rat peripheral nerves 

that was not associated with demyelination or axonal degeneration (Xiao et al. 2012). By 

contrast, other groups reported oxaliplatin-induced demyelination and nerve degeneration 

(Kawashiri et al. 2011, Al Moundhri et al. 2013, Guillaumot et al. 2019), although it is worth 

mentioning that higher cumulative doses of oxaliplatin were employed (32-36 mg/kg) (Kawashiri 

et al. 2011, Al Moundhri et al. 2013). Nevertheless, oxaliplatin-induced alterations of conduction 

velocity typically manifest as a reduction in the conduction velocity of sensory nerves. The 

increase in A-CAP velocity reported here at day 7 in oxaliplatin-treated animals is unlikely 

associated with an increase in the myelination status of the A-fibres. Action potential generation 

and propagation relies on clusters of Nav channels at the initial segment of the axon and at nodes 

of Ranvier, while fast Kv channels cluster at juxtaparanodal regions (Rasband and Trimmer 2001, 

Kress and Mennerick 2009, Leterrier et al. 2011). Whole-cell patch clamp and single-axon 

recordings of unmyelinated hippocampal neurons showed that the presence of nodal Nav 

clusters increased conduction velocity when compared with neurons lacking these clusters 

(Freeman et al. 2015). It is possible that oxaliplatin induces an increase in Nav channels 

expression, which eventually might affect conduction velocity. For instance, Nav1.8 mRNA 

expression was increased in the DRG of oxaliplatin-treated rats (Descoeur et al. 2011). However, 
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we are not aware of reports of increased mRNA or protein expression of Nav channels in the 

peripheral nerves of oxaliplatin-treated animals. Further investigations are necessary to fully 

understand the mechanisms underlying changes in conduction velocity that are not associated 

with demyelination or axonal degeneration. 

No difference between oxaliplatin and saline group was recorded at day 7 for C-CAP amplitude, 

AUC, duration, latency and conduction velocity. Lack of C-CAP alterations in acute OIPN has 

already been reported in human and rodent peripheral nerves exposed in vitro to oxaliplatin 

(Adelsberger et al. 2000, Sittl et al. 2010, Sittl et al. 2012). The only oxaliplatin-induced change 

observed here was a reduction in the activation threshold of C-fibres. This observation 

suggested that oxaliplatin sensitises the unmyelinated fibres. This hypothesis is supported by 

the evidence that the paw withdrawal threshold to a 5 Hz sine-wave stimulation, which 

specifically activates C-fibres, was significantly reduced after systemic administration of 6 mg/kg 

oxaliplatin (Yamamoto et al. 2016b). Furthermore, the threshold reduction was associated with 

the development of cold allodynia, which is typical of acute OIPN (Yamamoto et al. 2016b). 

Here, no significant difference in A- or C-CAP parameters of the saphenous nerve was detected 

between oxaliplatin and saline group at peak pain. A potential explanation as to why nerve 

conduction properties are altered acutely at day 7 but not at peak pain involves oxaliplatin 

accumulation within the nerves. In rat models of OIPN, platinum accumulation within nerves 

has been reported in the sciatic (Screnci et al. 2000, Cavaletti et al. 2001, Ip et al. 2013, Nishida 

et al. 2018) and sural (Screnci et al. 2000) nerve soon after treatment completion. The 

saphenous nerve has not been examined, but oxaliplatin is likely to accumulate there as well. 

After treatment cessation, and as time goes by, Pt levels in the nerve decrease and the effect on 

nerve conductivity may decrease as well (Cavaletti et al. 2001), thus potentially explaining the 

lack of deficits observed here at the peak pain time point. However, it remains unclear why 

oxaliplatin-treated animals display significant mechanical hypersensitivity when no sensory 

electrophysiological changes can be observed. Moreover, our results are conflicting with 

evidence in the literature showing that oxaliplatin induces deficits in the amplitude and 

conduction velocity of both human (Cascinu et al. 2002, Lehky et al. 2004, Krishnan et al. 2005, 

Pietrangeli et al. 2006, Argyriou et al. 2007, Park et al. 2009a, Park et al. 2009b, Kokotis et al. 

2016, Matsuoka et al. 2016, Kim et al. 2018, Krøigård et al. 2020) and rodent sensory nerves 

(Cavaletti et al. 2001, McKeage et al. 2001, Jamieson et al. 2005, Meyer et al. 2011, Renn et al. 

2011, Kanbara et al. 2014) after treatment completion. Unlike our treatment paradigm (2 mg/kg 

on four alternate days), the majority of preclinical OIPN models were generated by systemic 

administration of intermediate or high cumulative doses of oxaliplatin (16 to 48 mg/kg) in longer 

treatment schedules (intermittent administration for 3 up to 8 weeks). The low-dose of 
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oxaliplatin used here may explain the lack of deficits in A- and C-CAP parameters at peak pain. 

However, this hypothesis seems unlikely, as chronic low-dose oxaliplatin administration  

(1 mg/kg twice weekly for three weeks) was enough to decrease the CAP amplitude and 

conduction velocity in the sciatic nerve (Meyer et al. 2011). Furthermore, even a single injection 

of 10 mg/kg oxaliplatin resulted in a progressive deficit in the conduction velocity of the sciatic 

nerve that only resolved three months after oxaliplatin administration (McKeage et al. 2001).  

In general, the great variety of electrophysiological techniques and of animal models employed 

by different research groups may be partially responsible for the high variability in results among 

studies. The development of more standardised electrophysiological methodologies could help 

obtain more consistent results and get a better understanding of the mechanisms underlying 

OIPN. 

5.5 Conclusions 

In conclusion, our data show that A- and C-CAPs can be successfully recorded from saphenous 

nerves and that nerves are efficiently responding to electrical stimulation, even without removal 

of the epineural sheath. Substitution of glucose in the bicarbonate solution superfusing the 

nerves with fructose did not provide any benefit in A-CAP recordings. Crushing the nerve on the 

distal electrode had a slight damaging effect on its conduction properties. Yet, it ensured a stable 

nerve-electrode contact and monophasic recordings. At day 7, oxaliplatin-treated animals did 

not display symptoms of pain-like behaviour. However, oxaliplatin evoked an increase in A-CAP 

amplitude, AUC, duration and conduction velocity, which might be ascribable to altered Nav and 

Kv channel functionality. By contrast, C-CAP properties were not affected by oxaliplatin, with the 

exception of a lowered activating threshold, which suggests an oxaliplatin-induced sensitisation 

of the unmyelinated fibres. At peak pain, no significant change was observed in A- and C-CAP 

parameters between oxaliplatin- and saline-treated animals, even though oxaliplatin-induced 

mechanical hypersensitivity had developed by the time of the recordings. Results at peak pain 

were discordant with preclinical and clinical studies reporting sensory deficits following 

cumulative doses of oxaliplatin. In future, more efforts could be made to standardise both in 

vitro and in vivo electrophysiological investigations to obtain more consistent results across 

studies. 
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 Mitochondrial properties and functionality 

6.1 Introduction 

Mitochondrial dysfunction plays a major role in the pathophysiology of chemotherapy-induced 

peripheral neuropathy (CIPN) [reviewed in (Trecarichi and Flatters 2019)]. Among the different 

manifestations of mitochondrial dysfunction, altered mitochondrial respiratory functionality has 

often been identified in CIPN models. A significant reduction in Complex I- and Complex-II-

mediated activity and ATP production was observed in ex vivo preparations of teased sciatic 

nerves from oxaliplatin- treated rats (cumulative dose: 10 mg/kg) compared with control 

animals, both prior to and at the peak of pain-like behaviour (Zheng et al. 2011). A significant 

deficit in Complex I- and Complex II-mediated ATP production was also observed in the 

saphenous nerves of oxaliplatin- treated animals (cumulative dose: 10 mg/kg) at the peak of 

mechanical hypersensitivity (Janes et al. 2013).  

Mitochondrial functionality can also be assessed in vitro using two major approaches: isolated 

mitochondria and intact cells [reviewed in(Brand and Nicholls 2011)]. The former provides a 

pure and easy system, where substrates and reagents to assess mitochondrial function can be 

added directly onto mitochondria. However, the isolation techniques may damage the 

organelles. The latter provides a more physiologically relevant environment, without the risk of 

damaging the mitochondria. However, not all substrates/reagents can permeate the cell and 

the cellular complexity may lead to difficulties in interpreting results [reviewed in (Brand and 

Nicholls 2011)]. Areti and colleagues isolated mitochondria from the sciatic nerves of oxaliplatin-

treated rats (cumulative dose: 36 mg/kg). Their results showed a significant decrease in Complex 

I and II and, to a lesser extent, of Complex III and IV activity, coupled with significantly reduced 

ATP production compared with the control group (Areti et al. 2017a, Areti et al. 2017b, Areti et 

al. 2018). Changes in respiratory activity were also associated with significant deficits in Complex 

I, II and V protein expression following oxaliplatin administration (Areti et al. 2017a). 

Additionally, oxaliplatin induced a significant reduction in Δѱm (Areti et al. 2017a, Areti et al. 

2017b, Areti et al. 2018). Similarly, 16 mg/kg oxaliplatin significantly reduced the activity of 

Complex I, II, III and V in isolated brain mitochondria compared with control animals (Waseem 

et al. 2016). The Seahorse extracellular flux (XF) Analyzer allows to use intact cells and to 

simultaneously measure mitochondrial respiration and glycolytic function. Whilst the effect of 

in vivo exposure to oxaliplatin has not been investigated in intact cells using the Seahorse XF 

Analyzer, reports on mitochondrial functionality following systemic administration of cisplatin 

are present in the literature. In particular, isolated DRG neurons and tibial nerves from cisplatin-
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treated mice (cumulative dose: 23 mg/kg) displayed a significant deficit in several bioenergetic 

parameters (Krukowski et al. 2017, Maj et al. 2017). 

Another fundamental role of mitochondria within the cell is the maintenance of Ca2+ 

homeostasis, which is finely regulated by channel proteins in the outer and inner mitochondrial 

membranes, including the voltage-dependent anion-selective channel proteins (VDACs), the 

mitochondrial calcium uniporter (MCU) and the Na+/Ca2+/Li+ exchanger (NCLX) [reviewed in 

(Giorgi et al. 2018)]. Among its many functions as second messenger, Ca2+ is involved in the 

regulation of mitochondrial functionality, including oxidative phosphorylation (OXPHOS). For 

instance, Ca2+ accumulation within mitochondria stimulates ATP production, whereas Ca2+ 

depletion is associated with reduced levels of ATP (Jouaville et al. 1999). Therefore, any 

dysregulation of the intracellular Ca2+ concentration ([Ca2+]i) may impact mitochondrial 

bioenergetics as well, and contribute to the pathophysiology of oxaliplatin-induced peripheral 

neuropathy (OIPN). This hypothesis is supported by the efficacy of pharmacological compounds 

that modulate Ca2+ influx and efflux in affecting pain-like behaviour in animal models. 

Kaempferol, a natural flavonoid, activates MCU and stimulates mitochondrial Ca2+ uptake 

(Montero et al. 2004). In diabetic rats, kaempferol reduced both thermal and mechanical 

hyperalgesia (Kishore et al. 2018). Conversely, Ru360 acts as a specific MCU inhibitor but was 

also able to inhibit the development of NMDA (N-methyl-D-aspartate)-induced hyperalgesia in 

mice (Kim et al. 2011). The role of mitochondrial channels in OIPN has not been investigated. 

Most studies focused on the effect of microtubule stabilising and/or destabilising agents (i.e. 

taxanes and vinca alkaloids) on VDAC activity. Electron microscopy studies have identified 

tubulin within the mitochondrial membrane, where it is associated with VDAC (Carré et al. 2002) 

and alters its permeability to ADP/ATP and metabolic substrates [reviewed in (Puurand et al. 

2019)]. Consequently, taxanes and vinca alkaloids binding to the tubulin dimers, and the 

conformational changes derived by it, may affect the interaction between tubulin and VDAC, 

and VDAC functionality itself [reviewed in (Rovini 2019)]. The effects of platinum compounds on 

VDAC activity, and subsequent cytotoxicity, have been evaluated following cisplatin 

administration. In vitro, exposure of human cervical, ovarian and lung carcinoma cell lines to 

increasing concentrations of cisplatin induced an overexpression of VDAC1 and an increase in 

intracellular Ca2+ levels (Weisthal et al. 2014). Moreover, cisplatin was also found predominantly 

associated with VDAC in head and neck squamous cell carcinoma cells following 1-hour exposure 

to the compound (Yang et al. 2006). Systemic administration of 23 mg/kg cisplatin in mice 

resulted in a decreased VDAC expression in the tibial nerves compared with control animals, 

which was associated with a functional deficit in mitochondrial respiration (Krukowski et al. 

2017). Given their analogous mechanisms of action, oxaliplatin may affect VDAC expression 
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and/or activity in a similar way to cisplatin. However, we are not aware of studies that have 

tested this hypothesis. Likewise, no work has been carried out to investigate the effects of 

oxaliplatin on MCU and NCLX expression and activity. 

6.2 Aims 

The aim of the following studies was to evaluate the effect of oxaliplatin on different aspects of 

mitochondrial functionality. Mitochondrial respiration, glycolytic function and expression of 

OXPHOS complexes were assessed in dissociated DRG neurons from oxaliplatin- and saline-

treated animals 24 hours after treatment cessation (day 7). DRG neurons from naïve animals 

were exposed in vitro to increasing concentrations of oxaliplatin to investigate its direct effect 

on bioenergetic properties. Additionally, mRNA and protein expression of fundamental 

mitochondrial channels involved in Ca2+ influx/efflux (MCU, VDAC and NCLX) were investigated 

in the DRG, sciatic and saphenous nerves of oxaliplatin- and saline-treated animals prior to (day 

7) and at the peak (day 28 to 34) of pain-like behaviour.  

6.3 Results 

6.3.1 Bioenergetic properties after in vivo exposure to oxaliplatin 

In order to assess whether systemic (intraperitoneal, IP) oxaliplatin administration (cumulative 

dose: 8 mg/kg) affects the metabolic properties of peripheral tissues, bioenergetic profiles were 

evaluated in isolated DRG neurons. Bioenergetic profiles were measured in terms of oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR). The OCR is a direct 

measurement of mitochondrial respiration, which can be evaluated through different 

parameters following the injection of mitochondrial inhibitors in the cell medium: oligomycin 

inhibits Complex V, thus decreasing the flow of electrons through the mitochondrial electron 

transport chain (ETC); carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) uncouples 

ATP synthesis from electron transport chain function, thus collapsing the proton gradient and 

disrupting the Δψm; lastly, antimycin A and rotenone inhibit Complex III and Complex I, 

respectively, thus blocking mitochondrial respiration altogether. OCR measurements after 

injection of these inhibitors in the medium allow to identify six parameters of respiratory 

function: basal respiration; ATP turnover-linked respiration; proton leak; maximal respiration; 

spare reserve capacity (i.e. the ability of cells to respond to stressful conditions); and non-

mitochondrial respiration. At the same time, the glycolytic process leads to the acidification of 

the medium by excretion of protons and conversion of pyruvate to lactate, the end product of 

glycolysis. Therefore, ECAR measurements provide an indirect measurement of basal glycolysis 

and glycolytic capacity (i.e. the ability of cells to switch from OXPHOS to glycolysis). 
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The output of the metabolic XF assay are raw OCR and ECAR measurements generated by cells 

located only in the middle the well, within an area limited by three molded stops at the bottom 

of the plate. Therefore, cells at the edge of the well do not contribute to bioenergetic profiles. 

When normalising OCR and ECAR data, one should bear that in mind. Due to COVID-19, 

normalisation to cell content through imaging techniques was not possible and was performed 

based on total protein content instead. Normalisation to protein content is associated with 

some caveats. Firstly, proteins were extracted from all cells in the well, thus including cells that 

did not contribute to the OCR and ECAR profiles. Secondly, some cells might have been lost when 

moving them from the well into microcentrifuge tubes for protein extraction. Nonetheless, the 

use of total protein content as normalisation parameter was deemed sufficiently valid as an 

alternative method to imaging. 

The same animal model described previously was used for these experiments. Two separate 

cohorts of animals tested at different times during the project were used in the following 

investigations. The day after the last oxaliplatin/saline IP injection (day 7), oxaliplatin-treated 

animals did not display mechanical hypersensitivity compared with saline-treated controls 

(Figure 6-1, ns two-tailed multiple-comparison unpaired t-tests with Holm-Sidak correction, 

saline n = 9, oxaliplatin n = 9). Animals were sacrificed at day 7 (n = 4) and DRG were harvested 

and processed to isolate neurons. Cells were incubated overnight before measurement of 

bioenergetic profiles. 

 

Figure 6-1 Mechanical hypersensitivity to von Frey filaments following oxaliplatin administration  

Mechanical hypersensitivity to 4 g (A), 8 g (B) and 15 g (C) von Frey filaments, expressed as number of 

withdrawals to 10 stimuli in total. Saline n = 9; oxaliplatin n = 9. Data are expressed as mean ± SEM. Two-

tailed multiple-comparison unpaired t-tests with Holm-Sidak correction. 

Figure 6-2 A and Figure 6-3 A show typical raw bioenergetic profiles of isolated DRG neurons 

and illustrate which parameters of mitochondrial respiration and glycolytic function were 

measured. At day 7, there was no difference in OCR or ECAR profiles between oxaliplatin- and 

saline-treated animals (Figure 6-2 A and Figure 6-3 A, ns RM two-way ANOVA, saline n = 4 

animals, oxaliplatin n = 4 animals). Quantification of mitochondrial respiration parameters 

showed that there was no difference in basal respiration, ATP turnover, maximal respiration, 
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spare reserve capacity and proton leak between treatment groups (Figure 6-2 B, ns paired two-

tailed t-test, saline n = 4 animals, oxaliplatin n = 4 animals). Likewise, basal glycolysis and 

glycolytic capacity did not differ between saline- and oxaliplatin-treated animals (Figure 6-3 B, 

ns paired two-tailed t-test, saline n = 4 animals, oxaliplatin n = 4 animals).  

 

Figure 6-2 Mitochondrial bioenergetics in isolated DRG neurons from oxaliplatin- and saline-treated 

animals at day 7 

(A) Typical raw OCR profiles (before normalisation to protein content) of DRG neurons visualised with the 

XF24 Seahorse Analyzer following injection of mitochondrial inhibitors (represented as dashed lines):  

A = DMSO (vehicle); B = oligomycin; C = FCCP; D = rotenone and antimycin A. Data are expressed as 

percentage of the baseline (i.e. last measurement taken before the injection of DMSO). (B) Quantification 

of mitochondrial respiration parameters: basal respiration (before DMSO injection); ATP turnover and 

proton leak (after oligomycin injection); maximal respiration and spare reserve capacity (after FCCP 

injection); and non-mitochondrial respiration (after rotenone and antimycin A injection). Data are 

normalised to the total protein content (in µg) in each well. (A) RM two-way ANOVA; (B) paired two-tailed 

t-test. (A-B) Data are expressed as mean ± SEM. Saline n = 4 animals; oxaliplatin n = 4 animals. 6-10 wells 

were analysed per animal. ATP is adenosine triphosphate; OCR is oxygen consumption rate. 
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Figure 6-3 Glycolytic function in isolated DRG neurons from oxaliplatin- and saline-treated animals at 

day 7 

(A) Typical raw ECAR profiles (before normalisation to protein content) of DRG neurons visualised with 

the XF24 Seahorse Analyzer following injection of mitochondrial inhibitors (represented as dashed lines): 

A = DMSO (vehicle); B = oligomycin. Data are expressed as percentage of the baseline (i.e. last 

measurement taken before the injection of DMSO). (B) Quantification of the parameters of glycolytic 

functionality: basal glycolysis (before DMSO injection) and glycolytic capacity (after oligomycin injection). 

Data are normalised to the total protein content (in µg) in each well. (A) RM two-way ANOVA; (B) paired 

two-tailed t-test. (A-B) Data are expressed as mean ± SEM. Saline n = 4 animals; oxaliplatin n = 4 animals. 

6-10 wells were analysed per animal. ECAR is extracellular acidification rate.  
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6.3.2 Protein expression of OXPHOS complexes after in vivo exposure to oxaliplatin 

Oligomycin, rotenone and antimycin A affect the bioenergetic functionality of cells by acting on 

the OXPHOS complexes, specifically Complex V, I and III, respectively. Despite its lack of effect 

on mitochondrial respiration, oxaliplatin might affect the protein expression of these complexes. 

Therefore, the protein levels of Complex I to V were quantified in the DRG of saline-and 

oxaliplatin-treated animals at day 7. Experiments were conducted on a different cohort of 

animals (n = 5 animals) from the Seahorse assays, so that enough DRG were collected for both 

experiments. Following behavioural testing (Figure 6-1), DRG were harvested and proteins were 

extracted for quantification through western blot. All five complexes could be identified in DRG 

samples in both treatment groups (Figure 6-4 A) but no difference was detected in protein 

expression between oxaliplatin- and saline-treated animals (Figure 6-4 B, ns two-tailed unpaired 

t-tests, saline n = 5 animals, oxaliplatin n = 5 animals). 

 

Figure 6-4 Protein expression of mitochondrial complexes in DRG from oxaliplatin- and saline-treated 

animals at day 7 

(A) Western blot images of Complex I (CI), Complex II (CII), Complex III (CIII), Complex IV (CIV) and Complex 

V (CV) in the DRG. n = 5. β-tubulin (β-tb) was used as loading control. Total liver lysate and rat heart 

mitochondria were run in the gel as positive controls (+ve Ctrls) alongside DRG samples. Light blue bands 

indicate high intensity bands. (B) Corresponding densitometric semiquantitative analysis of Complex I-V 

protein expression. Data are normalised to β-tubulin expression. Saline n = 5 animals; oxaliplatin n = 5 

animals. Data are expressed as mean ± SEM. Unpaired two-tailed t-test. OXPHOS is oxidative 

phosphorylation. 
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6.3.3 Bioenergetic properties after in vitro exposure to oxaliplatin 

As platinum accumulates within the DRG and is present there at day 7 (see section 1.3.4), naïve 

DRG neurons were exposed in vitro to oxaliplatin, in order to investigate its direct effect on 

mitochondrial and glycolytic functionality. Oxaliplatin was introduced in the culture wells 

directly in the XF24 Analyzer, so that its effect on basal respiration and basal glycolysis could be 

assessed before injection of mitochondrial modulator compounds (Figure 6-5 A and Figure 6-6 

A, ns RM two-way ANOVA, n = 2-3 animals). When used in adjuvant therapy (e.g. FOLFOX: 

oxaliplatin with 5-fluorouracil and leucovorin; FOLFOXIRI: oxaliplatin with irinotecan, 5-

fluorouracil and leucovorin), the recommended dose for oxaliplatin in adults is 85 mg/m2 every 

two weeks ("Colon Cancer Treatment Regimens"). Alternatively, oxaliplatin can be administered 

in combination with capecitabine at a recommended dose of 130 mg/m2 every three weeks 

("Colon Cancer Treatment Regimens"). Pharmacokinetics studies have revealed that the peak 

plasma concentration (Cmax) of oxaliplatin after a two-hour infusion was 1.92 ± 0.338 µg/ml 

(determined at cycle 3; mean ± SD) and 3.61 ± 0.43 µg/ml (determined at cycle 5; mean ± SD) 

for the 85 mg/m2 and 130 mg/m2 regimens, respectively (Graham et al. 2000).  

The concentrations of oxaliplatin for in vitro exposure were determined according to the patient 

plasma Cmax. The plasma Cmax of 1.92 µg/ml corresponds to 4.83 µM oxaliplatin, which was 

rounded off to 5 µM, whilst 3.61 µg/ml correspond to 9.09 µM, which was rounded off to 10 

µM. 50 nM and 100 µM were chosen as additional 100-fold lower and higher concentrations, 

respectively. 

None of these concentrations had any effect on basal respiration, ATP turnover, maximal 

respiration, spare reserve capacity and proton leak compared with naïve DRG exposed to 

Seahorse (SH) medium alone (Figure 6-5 B-G, ns one way ANOVA, n = 2-3 animals). DRG neurons 

were exposed to 50 nM and 50 µM oxaliplatin on three separate occasions (n = 3 animals). 

Nevertheless, results from one animal per concentration were excluded from the final analysis 

because of technical issues with the plating of the cells in the XF24 cell culture microplate. Due 

to the lack of effect of 50 nM-100 µM oxaliplatin, naïve DRG neurons were additionally exposed 

to 250 µM and 500 µM oxaliplatin. Nevertheless, even these two high concentrations had no 

effect on mitochondrial respiration parameters (Figure 6-5 B-G, ns one-way ANOVA, n = 3 

animals).  

Similarly, one-hour in vitro exposure to 50 nM-500 µM oxaliplatin had no effect on basal 

glycolysis nor on the glycolytic capacity of naïve DRG neurons compared with cells exposed to 

SH medium alone (Figure 6-6 B-D, ns one way ANOVA, n = 2-3 animals). 
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Figure 6-5 Mitochondrial bioenergetics in isolated naïve DRG neurons after in vitro exposure to 

increasing concentrations of oxaliplatin  

(A) Typical raw OCR profiles (before normalisation to protein content) of naïve DRG neurons visualised 

with the XF24 Seahorse Analyzer following exposure to oxaliplatin for 1 hour and injection of 

mitochondrial inhibitors (represented as dashed lines): A = Seahorse (SH) medium or oxaliplatin;  

B = oligomycin; C = FCCP; D = rotenone and antimycin. Data are expressed as percentage of the baseline 
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(i.e. last measurement taken before the injection of SH medium/oxaliplatin). Quantification of 

mitochondrial respiration parameters: basal respiration (B); basal respiration following oxaliplatin 

injection (C); ATP turnover (D); maximal respiration (E); spare reserve capacity (F); and proton leak (G). 

Data are normalised to the total protein content (in µg) in each well. (A) RM two-way ANOVA; (B-G) one-

way ANOVA with Dunnett’s post hoc compared to SH medium. (A-G) Data are expressed as mean ± SEM. 

SH medium, 10 µM, 100 µM, 250 µM and 500 µM: n = 3 animals. 50 nM and 5 µM: n = 2 animals. 6-10 

wells were analysed per animal. ATP is adenosine triphosphate; OCR is oxygen consumption rate. 
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Figure 6-6 Glycolytic function in isolated naïve DRG neurons after in vitro exposure to increasing 

concentrations of oxaliplatin  

(A) Typical raw ECAR profiles (before normalisation to protein content) of naïve DRG neurons visualised 

with the XF24 Seahorse Analyzer following exposure to oxaliplatin for 1 hour and injection of 
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mitochondrial inhibitors (represented as dashed lines): A = Seahorse (SH) medium or oxaliplatin;  

B = oligomycin. Data are expressed as percentage of the baseline (i.e. last measurement taken before the 

injection of SH medium/oxaliplatin). Quantification of glycolytic function parameters: basal glycolysis (B); 

basal glycolysis following oxaliplatin injection (C); and glycolytic capacity (D). Data are normalised to the 

total protein content (in µg) in each well. (A) RM two-way ANOVA; (B-D) one-way ANOVA. (A-D) Data are 

expressed as mean ± SEM. SH medium, 10 µM, 100 µM, 250 µM and 500 µM: n = 3 animals. 50 nM and  

5 µM: n = 2 animals. 6-10 wells were analysed per animal. ECAR is extracellular acidification rate. 
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6.3.4 Expression of mitochondrial Ca2+ channels  

To assess the effects of oxaliplatin on mitochondrial Ca2+ handling, expression of MCU, VDAC 

and NCLX was evaluated. Mitochondrial content following oxaliplatin treatment was also 

assessed in terms of citrate synthase (CS) expression. The expression of these essential 

mitochondrial channels and CS was investigated, both at mRNA and protein level, in different 

peripheral nervous tissues. Figure 6-7 illustrates changes in mechanical hypersensitivity for all 

the animals included in gene and protein expression analyses. Experiments were conducted on 

samples from several animal cohorts, based on the availability of tissues at the time points of 

interest. In particular, tissues were collected from 5 animal cohorts generated during this PhD 

project by A.Trecarichi and from 5 cohorts generated previously by another member of the lab 

(Dr N. Duggett) for other projects. Tissue samples collected by N. Duggett were kept at -80 °C as 

part of a tissue bank used in our lab to minimise the number of animals used in experiments.  

At day 7, oxaliplatin-treated animals did not display mechanical hypersensitivity compared with 

saline-treated controls (Figure 6-7 A-C, ns two-tailed multiple-comparison unpaired t-tests with 

Holm-Sidak correction, saline n = 38, oxaliplatin n = 39). At the peak pain time point (day 28 to 

34), oxaliplatin-treated animals exhibited a significant 3.28-, 2.09- and 2.00-fold increase in 

mechanical hypersensitivity to 4 g, 8 g and 15 g binding forces, respectively, compared with 

saline-treated controls (Figure 6-7 A-C, *p < 0.05 two-tailed multiple-comparison unpaired t-

tests with Holm-Sidak correction, saline n = 17, oxaliplatin n = 18). Animals were sacrificed at 

day 7 or during the peak pain period and DRG, sciatic and saphenous nerves were collected. RNA 

and proteins were isolated for real-time quantitative PCR (qPCR) and western blot assays, 

respectively. 

 

Figure 6-7 Mechanical hypersensitivity to von Frey filaments following oxaliplatin administration 

Mechanical hypersensitivity to 4 g (A), 8 g (B) and 15 g (C) von Frey filaments, expressed as number of 

withdrawals to 10 stimuli in total. Baseline and day 7: saline n = 38, oxaliplatin n = 39; peak pain (day 28 

to 34): saline n = 17, oxaliplatin n = 18. Data are collated from several cohorts tested at different time 

points in the lab, and include animals tested by either A. Trecarichi or N. Duggett. Data are expressed as 

mean ± SEM. *p < 0.05, two-tailed multiple-comparison unpaired t-tests with Holm-Sidak correction. 
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At day 7, there was no significant difference in gene expression of Mcu, Vdac, Nclx or Cs in the 

DRG (Figure 6-8 A, ns unpaired two-tailed t-test, saline n = 5 animals, oxaliplatin n = 5 animals), 

sciatic (Figure 6-8 C, ns unpaired two-tailed t-test, saline n = 5 animals, oxaliplatin n = 5 animals) 

and saphenous nerves (Figure 6-8 E, ns unpaired two-tailed t-test, saline n = 3-4 animals, 

oxaliplatin n = 4 animals). Likewise, no difference in Vdac, Nclx and Cs gene expression was 

observed in the DRG (Figure 6-8 B, ns unpaired two-tailed t-test, saline n = 6 animals, oxaliplatin 

n = 6 animals), sciatic (Figure 6-8 D, ns unpaired two-tailed t-test, saline n = 6 animals, oxaliplatin 

n = 6 animals) and saphenous (Figure 6-8 F, ns unpaired two-tailed t-test, saline n = 6 animals, 

oxaliplatin n = 6 animals) nerves at the peak of pain-like behaviour. Only expression of Mcu 

resulted decreased in the sciatic nerves of oxaliplatin-treated animals compared with saline-

treated controls at the peak pain time point (Figure 6-8 D, *p < 0.05 unpaired two-tailed t-test, 

saline n = 6 animals, oxaliplatin n = 6 animals). However, no difference was observed in Mcu 

gene expression between treatment groups in the DRG (Figure 6-8 B, ns unpaired two-tailed t-

test, saline n = 6 animals, oxaliplatin n = 6 animals ) and saphenous nerves (Figure 6-8 F, ns 

unpaired two-tailed t-test, saline n = 6 animals, oxaliplatin n = 6 animals).  
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Figure 6-8 mRNA expression of mitochondrial Ca2+ channels and citrate synthase in peripheral nervous 

tissues from oxaliplatin- and saline-treated animals at day 7 and peak pain 

The mRNA expression of mitochondrial calcium uniporter (Mcu), voltage-dependent anion-selective 

channel protein 1 (Vdac), Na+/Ca2+/Li+ exchanger (Nclx) and citrate synthase (Cs) was quantified through 

real-time qPCR in the DRG, sciatic and saphenous nerves. A brain from a naïve animal was used as positive 

control and is included in the graphs (light grey) as reference for the expression of genes of interest in the 

central nervous tissue. (A) mRNA expression in the DRG at day 7. Saline n = 5 animals; oxaliplatin n = 5 

animals. (B) mRNA expression in the DRG at peak pain. Saline n = 6 animals; oxaliplatin n = 6. (C) mRNA 

expression in the sciatic nerves at day 7. Saline n = 5 animals; oxaliplatin n = 5 animals. (D) mRNA 

expression in the sciatic nerves at peak pain. Saline n = 6 animals; oxaliplatin n = 6 animals. (E) mRNA 

expression in the saphenous nerves at day 7. Saline n = 4 animals (except for Nclx: n = 3 animals); 

oxaliplatin n = 4 animals. (F) mRNA expression in the saphenous nerves at peak pain. Saline n = 6 animals; 

oxaliplatin n = 6 animals. Data are expressed as mean ± SEM. *p < 0.05, unpaired two-tailed t-test 

compared to saline-treated samples. 
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The blots shown in Figure 6-9 to Figure 6-12 represent results obtained after several 

homogenisation and western blot attempts performed with different lysing buffers, 

homogenisation times and denaturation temperatures. 

Protein expression of MCU in the DRG did not differ between saline- and oxaliplatin treated 

animals at day 7 (Figure 6-9 B, ns unpaired two-tailed t-test, saline n = 6 animals, oxaliplatin  

n = 6 animals) nor at the peak of mechanical hypersensitivity (Figure 6-9 C, ns unpaired two-

tailed t-test, saline n = 6 animals, oxaliplatin n = 7 animals). MCU expression in the sciatic nerve 

was significantly increased in oxaliplatin-treated animals compared with saline-treated controls 

at day 7 (Figure 6-9 E, *p < 0.05 unpaired two-tailed t-test, saline n = 6 animals, oxaliplatin n = 6 

animals). However, the MCU bands detected in the sciatic nerves collected at the peak of 

mechanical hypersensitivity were faint and/or not clearly identifiable Figure 6-9 D, right). 

Therefore, bands were not analysable, which was probably due to technical issues. Indeed, 

homogenisation of the sciatic nerves for protein extraction was often difficult and lysates were 

clumpy and viscous. As a result, it is likely that proteins were loaded onto the gel inconsistently, 

even though care was taken to add the same volume of lysates in every well. For instance, β-

actin bands, which should act as a loading control, are not uniform across the gel. The same 

issues also affected the protein bands in the saphenous nerves, and it was not possible to 

perform a densitometry analysis on these samples (Figure 6-9 F).  
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Figure 6-9 MCU protein expression in peripheral nervous tissues from oxaliplatin- and saline-treated 

animals at day 7 and peak pain 

(A) Western blot images of mitochondrial calcium uniporter (MCU) in the DRG of saline- and oxaliplatin-

treated animals at day 7 (left) and peak pain (right). S = saline; Ox = oxaliplatin. (B-C) Corresponding 

densitometric semiquantitative analysis of MCU protein expression at day 7 (B) and peak pain (C). Data 

are normalised to β-actin expression. Day 7: saline n = 6 animals; oxaliplatin n = 6 animals. Peak pain: 

saline n = 6 animals; oxaliplatin n = 7 animals. Data are expressed as mean ± SEM. Unpaired two-tailed t-
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test. (D) Western blot images of MCU in the sciatic nerves of saline- and oxaliplatin-treated animals at day 

7 (left) and peak pain (right). S = Saline; Ox = oxaliplatin. (E) Corresponding densitometric semiquantitative 

analysis of MCU protein expression at day 7. Data are normalised to β-actin expression. Saline n = 6 

animals; oxaliplatin n = 6 animals. Data are expressed as mean ± SEM. *p < 0.05, unpaired two-tailed t-

test. (F) Western blot images of MCU in the saphenous nerves of saline- and oxaliplatin-treated animals 

at day 7 (left) and peak pain (right). (A, D and F) β-actin was used as loading control. Total liver lysate was 

run in the gel as positive control alongside DRG/nerve samples. # = protein ladder. 

 

There was no change in VDAC expression in the DRG between saline- and oxaliplatin-treated 

animals at day 7 (Figure 6-10 B, ns unpaired two-tailed t-test, saline n = 6 animals, oxaliplatin  

n = 6 animals) and at the peak pain time point (Figure 6-10 C, ns unpaired two-tailed t-test, saline  

n = 5 animals, oxaliplatin n = 7 animals). Additionally, two unspecific bands could be detected at 

higher molecular weights (approximately 50 and 100 kDa) than the expected band for VDAC  

(31 kDa) (Figure 6-10 A). The technical issues regarding the use of the sciatic nerves also affected 

the experiments on VDAC expression and no densitometry analysis could be performed (Figure 

6-10 D). Furthermore, sciatic nerve samples at both time points of interest showed a very 

intense unspecific protein band at 50 kDa, whereas bands at the expected molecular weight (31 

kDa) were very faint. Western blot was not performed on saphenous nerve samples because of 

time constraints.  
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Figure 6-10 VDAC protein expression in peripheral nervous tissues from oxaliplatin- and saline-treated 

animals at day 7 and peak pain 

(A) Western blot images of voltage-dependent anion-selective channel protein (VDAC) in the DRG of 

saline- and oxaliplatin-treated animals at day 7 (left) and peak pain (right). The primary antibody used 

here was specific for isoform 1. (B-C) Corresponding densitometric semiquantitative analysis of VDAC 

protein expression at day 7 (B) and peak pain (C). Data are normalised to β-actin expression. Day 7: saline 

n = 6 animals; oxaliplatin n = 6 animals. Peak pain: saline n = 5 animals; oxaliplatin n = 7 animals. Data are 

expressed as mean ± SEM. Unpaired two-tailed t-test. (D) Western blot images of VDAC in the sciatic 

nerves of saline- and oxaliplatin-treated animals at day 7 (left) and peak pain (right). (A and D) β-actin was 

used as loading control. Total liver lysate was run in the gel as positive control alongside DRG/nerve 

samples. # = protein ladder. Red borders indicate unspecific bands at different molecular weights 

compared with the expected molecular weight for VDAC. 
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NCLX expression in the DRG was significantly decreased by oxaliplatin at day 7 (Figure 6-11 B,  

*p < 0.05 unpaired two-tailed t-test, saline n = 6 animals, oxaliplatin n = 6 animals). Conversely, 

oxaliplatin-treated animals showed a significantly higher NCLX expression at the peak of 

mechanical hypersensitivity compared with saline-treated controls (Figure 6-11 C, *p < 0.05 

unpaired two-tailed t-test, saline n = 6 animals, oxaliplatin n = 7 animals). NCLX was expressed 

in the saphenous nerves of both saline- and oxaliplatin-treated animals at day 7 (Figure 6-11 D, 

left), but could not be detected at the peak pain time point (Figure 6-11 D, right). Densitometry 

analysis was not performed on day 7 samples due to the uneven loading of proteins, as 

observable across the β-actin bands (Figure 6-11 D, left), which would lead to inaccurate results. 

Western blot was not performed on sciatic nerve samples because of time constraints. 
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Figure 6-11 NCLX protein expression in peripheral nervous tissues from oxaliplatin- and saline-treated 

animals at day 7 and peak pain 

(A) Western blot images of Na+/Ca2+/Li+ exchanger (NCLX) in the DRG of saline- and oxaliplatin-treated 

animals at day 7 (left) and peak pain (right). (B-C) Corresponding densitometric semiquantitative analysis 

of NCLX protein expression at day 7 (B) and peak pain (C). Data are normalised to β-actin expression.  

Day 7: n = 6. Peak pain: saline n = 6 animals; oxaliplatin n = 7 animals. Data are expressed as mean ± SEM. 

*p < 0.05, unpaired two-tailed t-test. (D) Western blot images of NCLX in the saphenous nerves of saline- 

and oxaliplatin-treated animals at day 7 (left) and peak pain (right). (A and D) β-actin was used as loading 

control. Total liver lysate was run in the gel as positive control alongside DRG/nerve samples. # = protein 

ladder. 
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CS was detected in the DRG at both day 7 and peak pain (Figure 6-12 A). At day 7, there was no 

significant difference in its expression between treatment groups (Figure 6-12 B, ns unpaired 

two-tailed t-test, saline n = 6 animals, oxaliplatin n = 6 animals). In comparison, at the peak of 

mechanical hypersensitivity, CS expression was significantly increased in the DRG of oxaliplatin-

treated animals compared with saline-treated controls (Figure 6-12 C, *p < 0.05 unpaired two-

tailed t-test, saline n = 6 animals, oxaliplatin n = 7 animals). Western blot was not performed on 

sciatic nerves at day 7 because of time constraints. CS was detected in sciatic nerves at the peak 

pain time point (Figure 6-12 D), although it appeared as an unexpected double band. Lastly, CS 

was detected in the saphenous nerves at both day 7 (Figure 6-12 E, left) and peak pain (as a 

double band; Figure 6-12 E, right). Given the inaccuracy of loading and/or the unexpected 

double band detected on the gels, densitometry analysis was not performed on nerve samples.  
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Figure 6-12 Citrate synthase protein expression in peripheral nervous tissues from oxaliplatin- and 

saline-treated animals at day 7 and peak pain 

(A) Western blot images of citrate synthase (CS) in the DRG of saline- and oxaliplatin-treated animals at 

day 7 (left) and peak pain (right). (B-C) Corresponding densitometric semiquantitative analysis of CS 

protein expression at day 7 (B) and peak pain (C). Data are normalised to β-actin expression. Day 7: n = 6. 

Peak pain: saline n = 6 animals; oxaliplatin n = 7 animals. Data are expressed as mean ± SEM. *p < 0.05, 

unpaired two-tailed t-test. (D) Western blot image of CS in the sciatic nerves of saline- and oxaliplatin-

treated animals at peak pain. (E) Western blot images of CS in the saphenous nerves of saline- and 

oxaliplatin-treated animals at day 7 (left) and peak pain (right) (A, D and E) β-actin was used as loading 

control. Total liver lysate was run in the gel as positive control alongside DRG/nerve samples. # = protein 

ladder. 
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6.4 Discussion 

Mitochondrial metabolic functionality was assessed in isolated DRG neurons following the IP 

administration of low-dose oxaliplatin and before animals displayed symptoms of pain-like 

behaviour (day 7). At this time point, oxaliplatin-treated animals displayed no deficit in 

mitochondrial respiration nor in glycolysis functionality compared with saline-treated controls. 

This result is in contrast with previous reports of decreased Complex I- and II-mediated activity 

and ATP production in the sciatic nerve of oxaliplatin-treated rats (cumulative dose: 10 mg/kg) 

prior to the development of mechanical hypersensitivity (Zheng et al. 2011). Altered axonal 

transport, the movement of organelles, proteins and other molecules to and from the cell body 

and the nerve endings, might help to explain why respiratory deficits affect the sciatic nerve but 

not the DRG. Oxaliplatin impaired retrograde neuronal transport (i.e. from the nerve endings to 

the cell body) in mice compared with control animals (Schellingerhout et al. 2012). Impairment 

of retrograde transport might then hinder mitochondrial functionality. For instance, primary 

motor neurons displaying deficits in retrograde mitochondrial transport also displayed 

significantly decreased Δψm and Complex I activity and increased oxidative stress in their 

neuronal processes (Kalmar et al. 2017). The respiratory deficits reported by Zheng et al. in the 

sciatic nerves may also be a direct consequence of an oxaliplatin-induced increase in swollen, 

vacuolated and dysfunctional mitochondria in the peripheral nerves. Abnormal mitochondria 

have been observed in the saphenous nerves of oxaliplatin-treated animals when rats reached 

the peak of mechanical and cold hypersensitivity (Xiao et al. 2012), but their incidence at day 7 

has not been reported yet. It is also worth mentioning that the metabolic assay used by Zheng 

and colleagues differs from the system used here, thus potentially contributing to differences 

between results from our groups. Additionally, evaluation of Complex-II mediated respiration 

was not possible with the Seahorse XF Analyzer, as the cell membrane is not permeable to 

succinate, the substrate metabolised by Complex II.  

Reduced Complex I-IV activity and ATP levels were recorded in isolated mitochondria from 

sciatic nerves of oxaliplatin-treated rats (Areti et al. 2017a, Areti et al. 2017b, Areti et al. 2018). 

However, the use of intact DRG was preferred here over isolated mitochondria, as the isolation 

protocol would be too harsh on atypical, swollen mitochondria present in both saline- and 

oxaliplatin-treated animals. Indeed, swollen organelles are unlikely to survive the isolation 

techniques, thus leaving a mitochondrial population biased towards normal mitochondria, 

which would not be reflective of the in vivo state. To the best of our knowledge, this was the 

first investigation on the effects of a systemic exposure to oxaliplatin on bioenergetics using the 

Seahorse XF Analyzer.  
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Any change, or lack thereof, in OXPHOS complexes activity might be associated with changes in 

protein expression in one or more complexes. Expression of all five OXPHOS complexes was 

unaltered between oxaliplatin- and saline-treated animals, thus confirming that oxaliplatin did 

not affect mitochondrial respiration functionality at day 7.  

The bioenergetic status of DRG neurons was not evaluated when animals reached the peak of 

pain-like behaviour, due to COVID-19-induced time-constraints. Baseline recordings of 

mechanical hypersensitivity were taken for an additional cohort of animals, but lockdown 

restrictions were put in place soon after that. Therefore, administration of chemotherapy and 

subsequent behavioural assessments were not feasible. The sample size of the day 7 cohort was 

limited to n = 4 because of the same COVID-19 restrictions, which impaired the addition of 2 

more animals per group in the dataset.  

Platinum accumulates within the DRG following systemic administration of oxaliplatin in rodent 

models (Holmes et al. 1998, Cavaletti et al. 2001, Ip et al. 2013, Park et al. 2015, Nishida et al. 

2018, Fujita et al. 2019), even when administered at a relatively low dose (i.e. 16 mg/kg over the 

course of two weeks) (Nishida et al. 2018). Hence, it is likely that oxaliplatin is present within 

the DRG after treatment cessation (day 7) in the rat model used here as well. In vitro exposure 

to clinically relevant concentrations of oxaliplatin was performed to gain a better understanding 

of the direct effect of oxaliplatin on the mitochondrial (and glycolytic) functionality of DRG 

neurons, which, to the best our knowledge, had not been described in the literature at the time 

of the studies conducted here. However, none of the parameters of respiratory and glycolytic 

function were affected compared with exposure to vehicle alone. This result suggests that a 

prolonged exposure to oxaliplatin may be required to observe platinum accumulation and 

potential mitochondrial functional deficits. Indeed, the short exposure time of DRG neurons to 

oxaliplatin is a limitation that we are aware of. A recently published paper from Leo and 

colleagues described the bioenergetic status of cultured DRG neurons that had been exposed to 

10 µM oxaliplatin for 24 hours (Leo et al. 2020). Using the same mitochondrial stress assay 

employed in our investigation, they observed a significant oxaliplatin-induced reduction in every 

parameter obtained from the OCR profile (basal respiration, maximal respiration, spare reserve 

capacity, proton leak, ATP turnover and non-mitochondrial respiration) compared with control 

neurons (Leo et al. 2020). Longer exposures would have been attempted here as well, but 

COVID-19 restrictions put a halt to all bioenergetic investigations. In addition, maintaining these 

DRG neurons cultures for extended periods (e.g. days) is challenging, and oxaliplatin cytotoxic 

effect would have to be taken into consideration to ensure cell viability. For these reasons, 

performing a dose escalation with a short exposure time was considered a first, practical 

solution. Moreover, there is evidence for oxaliplatin accumulation and toxic action in DRG 
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neurons after short exposure times. Platinum accumulation in DRG neurons has been observed 

after exposure to 30, 100 and 300 µM oxaliplatin for as little as five minutes and up to two hours 

(Jong et al. 2011, Liu et al. 2013). Also, oxaliplatin neurotoxicity was observed after in vitro 

exposure of DRG to 50-350 µM for just 30 minutes, which resulted in a significant dose-

dependent inhibition of neurite outgrowth (Luo et al. 1999).  

The gene expression of mitochondrial channels involved in Ca2+ influx and efflux were 

investigated in peripheral tissues following the IP administration of oxaliplatin, prior to (day 7) 

and at the peak (day 28 to 34) of mechanical hypersensitivity. At both time points, there was no 

significant difference in Mcu, Vdac and Nclx expression in the DRG, sciatic and saphenous nerves 

of oxaliplatin- and saline-treated animals. The only exception was a significantly reduced 

expression of Mcu in the sciatic nerves of oxaliplatin-treated animals at the peak pain time point. 

This deficit in the sciatic nerve, but not in the DRG, could be indicative of reduced axonal 

transport following oxaliplatin administration. Indeed, a progressive and irreversible deficit in 

retrograde transport has been reported using in vivo molecular imaging in mice administered 

with oxaliplatin (cumulative dose: 30 mg/kg) compared with control animals (Schellingerhout et 

al. 2012). Additionally, using a computer-assisted system, Goshima and colleagues revealed that 

both anterograde and retrograde transport in cultured chick DRG neurons were impaired after 

exposure to 100 µM oxaliplatin (Goshima et al. 2010). 

Gene expression does not always correlate with protein expression, because of several 

mechanisms of post-transcriptional and post-translational regulation. For this reason, protein 

expression of MCU, VDAC and NCLX was also assessed. Proteins were successfully quantified for 

DRG samples. There was no change in MCU or VDAC expression between saline- and oxaliplatin-

treated animals at both time points. NCLX expression was significantly reduced at day 7. This 

could lead to a deficit in Ca2+ efflux, which might not be counterbalanced by decreased Ca2+ 

influx within the mitochondria (i.e. reduced MCU expression). Changes in mitochondrial calcium 

concentration [Ca2+]m might then alter mitochondrial functionality and channel expression. This 

hypothesis was tested in a study investigating the loss of frataxin (Purroy et al. 2018), a critical 

mitochondrial protein involved in the assembly of iron-sulfur clusters and whose deficiency 

leads to Friedreich's ataxia (Koeppen 2011). NCLX expression was reduced in frataxin-depleted 

DRG neurons, whilst MCU expression remained unchanged compared with control neurons 

(Purroy et al. 2018). Reduced NCLX expression can be induced by the excess of Ca2+ within the 

mitochondria itself: for instance, the endoplasmic reticulum expresses the Na+/Ca2+ exchanger 

(NCX), which was cleaved by Ca2+-activated proteases (Samanta et al. 2010); a similar proteolytic 

cleavage could affect NCLX in case of mitochondrial Ca2+ overload. Indeed, treatment of frataxin-

deficient DRG neurons with BAPTA, a highly selective cell-permeant Ca2+ chelator, partly 
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restored NCLX levels compared with untreated cells, but had no effect on MCU expression levels 

(Purroy et al. 2018). Nevertheless, mitochondria seemed to be able to cope with a NCLX deficit, 

as we did not observe any deficit in mitochondrial respiration in oxaliplatin-treated animals at 

day 7, nor in dissociated DRG neurons exposed to oxaliplatin in vitro. When animals reached the 

peak pain time point, the expression of NCLX was significantly increased. Once more, MCU 

expression was not altered to maintain the [Ca2+]m equilibrium. This switch in NCLX expression 

compared with day 7 might be the mitochondrial response to the early Ca2+ overload.  

Alterations to NCLX expression and activity have downstream effects on the activity of the 

mitochondrial permeability transition pore (mPTP), in which VDAC might play a regulatory role. 

Specifically, increased [Ca2+]m can activate the opening of mPTP and lead to mitochondrial 

swelling (see section 1.4.5.1). Indeed, frataxin knockout cardiomyocytes showed abnormal, 

swollen mitochondria and increased distance between cristae compared with control cells 

(Purroy et al. 2018). Inhibition of mPTP opening with cyclosporin A can reduce mitochondrial 

swelling, as reported in isolated brain mitochondria exposed to high concentrations of calcium 

(Hansson et al. 2004) and in frataxin-deficient cardiomyocytes (Purroy et al. 2018). In vivo, 

cyclosporin A had a neuroprotective effect in rats following partial sciatic nerve injury, and they 

did not develop mechanical hypersensitivity compared with rats administered with saline only 

(Kim et al. 2012). Despite this positive result, the use of cyclosporin A in CIPN would not be 

beneficial, as it has been long associated with neurotoxicity as well (Gijtenbeek et al. 1999). 

Nevertheless, the development of other pharmacological modulators targeting mPTP might be 

a promising strategy to prevent mitochondrial dysfunction in CIPN. It would also be interesting 

to test the efficacy of NCLX modulators. CGP-37157 is the most selective and effective NCLX 

inhibitor [reviewed in (Palty et al. 2012)]. It prevented cortical neurons from NMDA receptor-

mediated excitotoxicity (Ruiz et al. 2014), but its effects have not been tested using in vivo pain 

models yet. 

Protein expression analysis was not feasible in saphenous and sciatic nerves because of various 

technical issues. Further optimisation of the protein extraction and western blot protocols 

would be necessary to obtain homogenous protein lysates and quantifiable immunostained 

bands. However, an extensive optimisation was not possible here, due partly to limited access 

to laboratory facilities because of COVID-19, and partly to the unavailability of more nerve 

samples (e.g. most saphenous nerves collected during this PhD project had been used for 

electrophysiology experiments). The only quantifiable blot showed a significant increase in MCU 

expression in the sciatic nerves of oxaliplatin-treated animals at day 7. It would be interesting 

to compare MCU expression to that of NCLX, in order to understand whether expression of these 

two channels in the sciatic nerve is kept balanced, as opposed to the DRG. Analysis of MCU 



188 

expression in the sciatic nerve at peak pain would also be useful to find out whether the 

oxaliplatin-induced reduction in gene expression was accompanied by a reduction in protein 

levels as well. It should also be noted that evaluation of protein expression is not informative of 

protein activity, or in this case, of channel opening. To this end, combining expression analyses 

with calcium imaging could provide a deeper understanding of the Ca2+ distribution within the 

cell and the contribution of membrane channels to it.  

Citrate synthase (CS), located in the mitochondrial matrix, is a fundamental enzyme in the citric 

acid cycle [reviewed in (Wiegand and Remington 1986)] and CS activity is commonly used as a 

quantitative marker for intact mitochondria (mitochondrial content). CS mRNA expression was 

not altered by oxaliplatin at both time points. Protein expression was not significantly different 

in the DRG between treatment groups at day 7. In comparison, CS expression was significantly 

increased in the DRG of oxaliplatin-treated animals compared with controls at the peak of 

mechanical hypersensitivity. Increased CS expression might suggest an increase in mitochondrial 

content within the DRG, which could compensate for an oxaliplatin-induced mitochondrial 

dysfunction and could also explain why NCLX protein levels were increased at the peak pain time 

point. Nonetheless, this hypothesis would have to be confirmed by evaluating more accurate 

biomarkers of mitochondrial content, such as CS activity assays, rather than CS expression, or 

by investigating the mitochondrial network in real-time in live cells. It also cannot be excluded 

that mitochondrial content remains unchanged and only protein expression is maximised 

instead. The result observed here is in disagreement with a previous study showing that 

oxaliplatin did not affect the mitochondrial number in rat sciatic nerves prior to and at the peak 

of pain-like behaviour compared with control animals (Zheng et al. 2011). However, it is 

important to notice that Zheng et al. evaluated CS activity and not expression. This 

methodological difference, together with the evaluation of two different peripheral nervous 

tissues, may contribute to the discrepancy between our results. 
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6.5 Conclusions 

In conclusion, this investigation showed that exposure to oxaliplatin in vitro and in vivo did not 

impair the metabolic functionality of DRG neurons acutely. Mitochondrial respiration and 

glycolytic function were unaltered between oxaliplatin- and saline-treated animals before they 

displayed symptoms of pain-like behaviour (day 7). In vitro exposure of DRG neurons to 

increasing concentrations of oxaliplatin also did not affect metabolic profiles, thus suggesting 

that longer exposure to the compound might be necessary to impact on mitochondrial 

functionality. Expression of the main mitochondrial channels for Ca2+ influx/efflux (MCU, VDAC 

and NCLX) was unchanged at gene level between oxaliplatin- and saline-treated animals in most 

peripheral tissues (DRG, sciatic and saphenous nerves). In the DRG, oxaliplatin significantly 

reduced NCLX expression at day 7. This deficit could result in a Ca2+ overload within the 

mitochondria, thus activating the opening of mPTP and in turn causing the typical mitochondrial 

swelling observed in OIPN models. Conversely, NCLX expression was enhanced in the DRG of 

oxaliplatin-treated animals at the peak of mechanical hypersensitivity, which might be a 

consequence of increased mitochondrial content, measured here in terms of increased CS 

expression.  
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 General discussion 

The work presented in this thesis has investigated the hypothesis that oxaliplatin alters 

mitochondrial functionality and nerve electrical activity, thus leading to the development and 

the maintenance of oxaliplatin-induced peripheral neuropathy (OIPN). Studies have been 

conducted on a chronic rat model of OIPN, generated by the intraperitoneal (IP) administration 

of oxaliplatin on four alternate days, for a total cumulative dose of 8 mg/kg. The intermittent 

treatment schedule mimicked the clinical treatment regimen, where patients receive cycles of 

oxaliplatin, alone or in adjuvant therapy, every 2-3 weeks. Our model partially reproduced OIPN 

symptoms, in terms of mechanical allodynia and hyperalgesia, whose severity peaked after 4-5 

weeks from treatment initiation. However, the cold-induced syndrome typical of oxaliplatin 

could not be replicated. Similarly, assessment of ongoing pain and numbness, which are typically 

reported by OIPN patients, proved to be technically challenging and measurement of these 

symptoms was unreliable. These results confirmed once again how limiting animal models are 

for a comprehensive assessment of OIPN symptoms and for the study of pain in general, and 

that many improvements are still needed in this field.  

In order to investigate the acute effects of oxaliplatin exposure, studies were conducted 24 

hours after the last administration of chemotherapy (day 7). At this time point, animals did not 

display signs of mechanical hypersensitivity. Despite the lack of pain-like behavioural symptoms 

following oxaliplatin administration, ex vivo electrophysiological studies on the saphenous nerve 

revealed significant acute changes in conduction parameters of both A- and C-fibres, measured 

as compound action potentials (CAPs). Increased peak to peak amplitude, area under the curve, 

duration and conduction velocity were coupled with a shorter latency to onset in A-fibres, 

suggesting their hyperexcitability following exposure to oxaliplatin. The only significant change 

in C-CAP conduction parameters was a reduction in the activation threshold, which might 

suggest an oxaliplatin-induced sensitisation of unmyelinated fibres. These acute changes might 

be explained by the accumulation of platinum (Pt) within peripheral nerves after treatment, as 

observed in other OIPN rat models (Cavaletti et al. 2001, Ip et al. 2013, Nishida et al. 2018).  

In particular, Nishida and colleagues showed that Pt accumulated dose-dependently within the 

mitochondrial fraction of the sciatic nerve in oxaliplatin-treated rats (Nishida et al. 2018). Pt 

accumulation within the mitochondria is likely to be responsible for and/or to exacerbate their 

dysfunction, in terms of damaged mitochondrial DNA (MtDNA), altered morphology and/or 

functionality. Changes in mitochondrial functionality could in turn lead to altered nerve 

conduction properties. For instance, Ru360-mediated inhibition of the mitochondrial calcium 

uniporter (MCU) activity (i.e. reduced mitochondrial Ca2+ uptake) resulted in reduced 
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spontaneous electrical activity in the rat brain (Sanganahalli et al. 2013). Conversely, increased 

MCU activity by kaempferol treatment enhanced neuronal activity (Sanganahalli et al. 2013). A 

potential explanation as to why MCU regulates neuronal electrical properties is that 

mitochondrial Ca2+ accumulation leads to an increase in ATP production (Jouaville et al. 1999); 

ATP itself is fundamental for the generation of action potentials, as it sustains the Na+/K+ ATPase, 

thus maintaining the ionic imbalance across the plasma membrane. Trevisiol and colleagues 

recently demonstrated the relationship between ATP levels and CAPs generation in ex vivo 

preparations of the optic nerve using real-time imaging and electrical stimulation (Trevisiol et 

al. 2017). They observed that ATP levels decreased as the stimulation frequency increased, 

whereas blockage of mitochondrial respiration, and therefore of ATP production, resulted in a 

quick decline in CAPs (Trevisiol et al. 2017). 

In keeping with this hypothesis, western blot analysis showed increased expression of MCU in 

the sciatic nerve of oxaliplatin-treated animals at day 7. However, it is worth noting that MCU 

expression in the saphenous nerve could not be measured. As MCU works in synergy with other 

proteins and complexes, including the Na+/Ca2+/Li+ exchanger (NCLX) and the voltage-dependent 

anion-selective channel proteins (VDACs), investigating their expression in peripheral nerves is 

necessary to obtain a more comprehensive picture of oxaliplatin effect on cellular Ca2+ 

homeostasis and on its potential role in nerve activity. However, despite many efforts to 

optimise experimental protocols for protein quantification in sciatic and saphenous nerves, 

NCLX and VDAC expression has not been quantifiable over the course of this project.  

At day 7, NCLX expression was significantly decreased in the DRG of oxaliplatin-treated animals 

compared with controls. A deficit in NCLX expression might trigger ATP synthesis in a similar way 

to increased MCU expression; indeed, reduced NCLX expression could lead to a deficit in Ca2+ 

efflux and to Ca2+ accumulation within the mitochondria. Despite the change in NCLX expression, 

the bioenergetic status of DRG neurons at day 7 was not affected: none of the parameters of 

mitochondrial respiration or glycolytic function showed a difference between treatment groups. 

Additionally, protein expression of all five complexes involved in oxidative phosphorylation 

(OXPHOS) was unaltered at this time point. These results suggest that the deficit in NCLX 

expression was not enough to effectively alter mitochondrial respiration.  

Alternatively, it is possible that the oxaliplatin-induced damage to the organelles triggered 

mitochondrial biogenesis. Mitochondrial biogenesis is a way for cells to increase their 

mitochondrial content in stressful conditions. Citrate synthase (CS) activity is commonly used as 

marker of intact, functional mitochondria. Here, systemic (IP) administration of oxaliplatin did 

not lead to significant changes in CS expression in the DRG compared with control animals at 
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day 7, thus suggesting that mitochondrial content was not affected. Nonetheless, it is also 

possible that CS expression did not differ between treatment groups because new mitochondria 

were produced, whilst dysfunctional ones were destroyed, thus maintaining a balance in overall 

mitochondrial content. A higher incidence of swollen, vacuolated mitochondria has been 

reported in both A- and C-fibres in the saphenous nerve of oxaliplatin-treated rats (Xiao et al. 

2012). These studies were conducted at the peak severity of pain-like behaviour (day 35) and 

we are not aware of similar studies performed before the appearance of pain-like symptoms. 

However, it is likely that oxaliplatin also leads to early mitochondrial morphological changes, 

when its levels in nerves are maximal. Likewise, dysfunctional mitochondria might be present in 

the DRG as well, where Pt accumulates at the highest concentrations among all other nervous 

tissues. Moreover, the reduction in NCLX expression observed in the DRG of oxaliplatin-treated 

animals at day 7 has the potential consequence of an excessive mitochondrial Ca2+ 

accumulation, which in turn might trigger the opening of the mitochondrial permeability 

transition pore (mPTP) and lead to mitochondrial swelling. In future, it would be interesting to 

investigate whether mitochondrial biogenesis is indeed enhanced within neuronal tissues at day 

7 to counterbalance a mitochondrial degeneration. However, more refined techniques, like real-

time cell imaging exploiting mitochondria-targeted probes, would be required to effectively 

visualise and quantify the mitochondrial dynamics in live, intact cells.  

Mitochondrial and glycolytic functionality was also maintained in DRG exposed to physiologically 

relevant concentrations of oxaliplatin for one hour in vitro, thus suggesting that longer exposure 

to oxaliplatin would be required to observe changes in bioenergetics. It is worth mentioning that 

the mitochondrial bioenergetic status in the DRG might not necessarily reflect the axonal one, 

as changes in axonal trafficking could affect transport of mRNA, proteins and organelles 

between cell bodies and axons. Zheng and colleagues have shown deficits in parameters of 

mitochondrial respiration and ATP production in the sciatic nerve of oxaliplatin-treated rats 

before the appearance of pain-like behaviour (Zheng et al. 2011). It might be useful to test if our 

OIPN model also displayed altered mitochondrial respiration in peripheral nerves and to 

investigate whether inhibiting MCU function (as its expression was increased in the sciatic nerve) 

could lead to a deficit in ATP production and nerve conduction properties. 

To investigate the mechanisms involved in chronic OIPN, animals were tested regularly until they 

reached the peak severity of pain-like behaviour, which occurred at day 28 to 34 (peak pain). At 

peak pain, oxaliplatin-treated animals displayed a significant increase in withdrawal responses 

to von Frey filaments compared with saline-treated controls. Surprisingly, A- and C-CAP 

parameters of the saphenous nerve were not different between treatment groups at this time 

point. Cavaletti and colleagues showed that Pt levels in the sciatic nerve were higher 
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immediately after treatment cessation than after a follow-up period, thus indicating that Pt 

levels decrease over time (Cavaletti et al. 2001). It is possible that Pt levels in the saphenous 

nerve in our OIPN model were low enough to not elicit electrophysiological deficits at day 28-

34. Nevertheless, in contrast to our result, another study reported that a single administration 

of 10 mg/kg oxaliplatin progressively impaired conduction velocity in the sciatic nerve, which 

then resolved after approximately three months from treatment (McKeage et al. 2001). To our 

knowledge, Pt accumulation in the saphenous nerve and/or following the treatment schedule 

used here has not been investigated. Therefore, it would be interesting to measure Pt levels 

following the treatment regimen administered here, in order to understand whether the 

difference in nerve activity between day 7 and peak pain could be effectively ascribed to changes 

in Pt accumulation within the nerves. Evaluation of the bioenergetic status of DRG neurons 

would also provide a further understanding of the mitochondrial involvement and of the ATP 

status at the peak pain time point.  

Gene expression analysis through qPCR showed that expression of Ca2+ channels was not 

different between oxaliplatin- and saline-treated animals in the DRG, sciatic and saphenous 

nerves at day 7 and once they reached the peak pain time point. The only exception was a 

reduction in Mcu levels in the sciatic nerve of oxaliplatin-treated rats, which might be due to 

alterations in axonal transport. Still, no real conclusion can be reached regarding the expression 

of these channels in the nerves and their potential involvement in nerve conduction, as protein 

quantification proved to be technically challenging. Western blot analysis showed that NCLX 

expression in the DRG was significantly increased in oxaliplatin-treated animals at the peak of 

pain-like behaviour. It could be hypothesised that this increased expression is an attempt to 

cope with the mitochondrial Ca2+ overload at day 7, when NCLX expression was decreased. 

Expression of citrate synthase in the DRG was also significantly increased in oxaliplatin-treated 

animals, which might reflect an increase in overall mitochondrial content through mitochondrial 

biogenesis.  

In the past, our lab has hypothesised that the oxaliplatin-induced mitochondrial dysfunction 

triggers mitochondrial biogenesis and/or MtDNA replication to compensate for the lack of 

functional organelles [under review (Trecarichi et al. 2020); see section 6.1]. We showed a 

significant increase in MtDNA content in the peripheral blood of oxaliplatin-treated rats at day 

7, compared with saline-treated controls. Conversely, no difference was evident at peak pain 

[under review (Trecarichi et al. 2020)]. These results led us to conduct a small clinical study to 

evaluate MtDNA as predictive biomarker for OIPN in colorectal cancer patients, which was 

another aim of this PhD project. MtDNA was quantified relatively to nuclear DNA using qPCR. 

Analysis was conducted on whole blood collected prior to, during and after the chemotherapy 
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regimen and revealed a high degree of heterogeneity in MtDNA content among patients and 

time points. Upon access to patient data, we will be able to understand whether MtDNA content 

can predict the susceptibility to OIPN development. 

7.1 Conclusions 

In conclusion, this thesis encompassed preclinical investigations on behavioural characteristics, 

electrophysiological properties and mitochondrial functionality in a rat model of OIPN. 

Additionally, it comprised a clinical study investigating a biomarker for OIPN. The conduction 

properties of the saphenous nerve were investigated for the first time ex vivo in a chronic OIPN 

model and showed that nerve fibres respond to electrical stimulation in different ways at the 

two time points of interest, before the appearance of pain-like behaviour and at the peak of 

nociceptive severity. Oxaliplatin did not elicit acute changes in the bioenergetics of DRG 

neurons, as mitochondrial respiration parameters and glycolytic functionality remained 

unaltered compared with controls. Mitochondrial Ca2+ handling seemed to be affected at both 

time points, as expression of Ca2+ channels was altered by oxaliplatin administration. Alterations 

to the Ca2+ homeostasis might then impact on the electrical activity of the nerves. This thesis 

provided a further insight into the causal mechanisms of OIPN, yet more work is needed to 

better appreciate how all the different aspects of mitochondrial and nerve functionality 

converge to induce the neuropathy. In the meantime, the identification of a biomarker to predict 

the susceptibility to OIPN development would help clinicians to select more tolerable treatment 

options and improve the overall quality of life of patients. To this scope, MtDNA content was 

efficiently amplified and quantified in the peripheral blood of cancer patients undergoing an 

oxaliplatin treatment. It now remains to understand whether it effectively correlates with 

increased risk of OIPN development. 
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